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The  Metasomatic  Rocks  Associated  with  the 
Criffell-Dalbeattie  Granodiorite 

By  W.  J.  Phillips 
Abstract 

The  field  relations  and  petrography  of  a  number  of  small  rock 
bodies  occurring  near  Rockcliffe  at  the  southern  margin  of  the 
Criffell-Dalbeattie  granodiorite  are  described.  The  evidence 
suggests  that  they  were  formed  by  the  metasomatic  replacement 
of  greywacke  and  shale  homfelses  by  Na-bearing  and  later  K- 
bearing  solutions  which  preceded  the  ascending  granodiorite  magma. 

This  metasomatic  transformation  brought  about  the  development 
of  two  distinctive  rock  types.  Equigranular  quartz-dioritic  rocks 
which  generally  grade  into  the  homfelses  are  regarded  as  the  result 
of  static  metasomatic  replacement  of  the  homfelses  with  no  appreci¬ 
able  movement  of  the  j^rmeated  rock.  In  contrast,  rocks  of  similar 
mineralogy  but  occurring  as  sharply  bounded  bodies  with  a  con¬ 
spicuous  porphyroblastic  texture,  are  thought  to  have  attained 
their  characteristic  features  by  a  certain  amount  of  metasomatic 
mobilization  of  the  permeated  material.  Because  of  the  intrusive 
appearance  of  these  porphyroblastic  rocks  and  their  occurrence 
near  the  margin  of  the  granodiorite  pluton  they  are  here  referred 
to  as  “  marginal  porphyrites  ”. 

I.  Introduction 

The  Criffell-Dalbeattie  granodiorite  complex  is  the  largest  of  the 
Galloway  “  granites  ”,  and  has  an  elongate  outcrop  17  miles  long 
and  6  miles  broad.  The  complex  is  composed  of  three  granodiorites 
and  associated  quartz-dioritic  rocks  (Text-fig.  1). 

A  medium  grained  granodiorite  forms  by  far  the  greater  part  of  the 
complex,  extending  from  Torr  Point  to  the  north-eastern  end.  Detailed 
mapping  of  the  structures  has  shown  that  this  granodiorite  forms  a 
single  pluton  of  batholithic  form,  the  western  end  having  been  dis¬ 
placed  by  subsequent  faulting.  The  granodiorite  has  been  emplaced 
in  highly  folded,  Silurian  greywackes  and  shales,  and  has  a  sharp, 
crosscutting  contact  with  the  homfelses.  The  granodiorite  was 
intruded  as  a  magma,  which  pushed  aside,  stoped,  and  assimilated  the 
country-rocks.  Veins  of  granodiorite  have  been  intruded  into  the 
rocks  near  the  contact,  and  locally  the  granodiorite  is  crowded  with 
xenoliths  showing  various  stages  of  alteration  and  assimilation. 
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Xenoliths  are  infrequent  towards  the  centre  of  the  pluton  where  the 
granodiorite  becomes  porphyritic.  At  a  number  of  points  along  the 
granodiorite  contact  and  in  the  region  of  Glen  Isle  within  the  pluton, 
rocks  here  considered  to  be  of  metasomatic  origin  occur. 

The  western  end  of  the  complex  is  composed  of  two  granodiorites 
of  finer  grain  and  more  acid  composition  than  the  main  granodiorite, 
and  a  relatively  wide  zone  of  quartz-diorite  to  the  north  and  west. 
The  field  relations  and  petrology  of  the  rocks  west  of  the  Urr  Water 
have  been  described  by  Malcolm  Macgregor  (1937  and  1938).  He  con¬ 
cluded  that  though  the  granodiorites  were  of  magmatic  origin,  “  the 
sediments  had  been  transformed  to  a  rock  of  quartz-diorite  aspect  by 
a  process  of  granitization  characterized  by  the  introduction  of  an 
alkali-felspar  magmatic  fluid.”  The  piedominance  of  sodium  in  the 
permeating  solutions  is  clearly  shown  in  his  geochemical  study. 

Furthermore,  Macgregor  suggested  that  ‘‘  The  granitization  con¬ 
sidered  broadly,  takes  place  by  two  processes  (a)  metasomatism, 
induced  by  permeating  magmatic  emanations,  and  (6)  mechanical 
mixing  of  the  metasomatized  material  with  parent-magma,  accom¬ 
panied  by  chemical  reaction  with  the  magma  ”. 

The  transition  from  homfelses  to  the  quartz-diorite,  as  described 
by  Macgregor  at  the  western  end  of  the  complex,  is  generally  rapid, 
and  in  many  places  the  contact  is  sharp,  due  to  subsequent  movement 
of  the  permeated  material.  This  quartz-diorite  encloses  abundant, 
orientated  xenoliths  of  ho;  nfelses  which  have  suffered  various  stages 
of  metasomatic  transformation,  and  the  rock  has  the  field  characters 
of  the  magmatic  granodiorite.  On  the  whole  the  quartz-diorite  repre¬ 
sents  the  second  stage  of  granitization  postulated  by  Macgregor, 
namely,  the  mechanical  mixing  of  the  metasomatized  material  with  the 
parent  magma. 

The  present  paper  is  concerned  with  the  smaller  outcrops  of  rocks 
in  which  only  the  first  stage  of  granitization,  referred  to  by  Macgregor, 
is  reached.  Detailed  mapping  of  these  bodies,  which  occur  at  several 
points  along  the  contact  of  the  granodiorites,  suggests  that  meta¬ 
somatic  transformation  of  homfelses  has  resulted  in  the  formation  of 
two  main  rock  types,  viz.  the  quartz-diorite  and  a  “  marginal 
porphyrite  ”.  The  object  of  this  paper  is  to  describe  the  form  and 
occurrence  of  these  metasomatic  bodies,  and  the  mineralogical  and 
textural  changes  accompanying  the  transformation  of  the  homfelses. 

II.  The  Hornfelses 

The  granodiorites  have  been  emplaced  in  folded  Silurian  greywackes 
and  banded  shales  which  are  alternately  rich  and  poor  in  calcareous 
material.  The  aureole  of  metamorphism  adjacent  to  the  granodiorite 
is  i  to  1  mile  wide  in  outcrop.  The  shales  normally  show  a  progressive 
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recrystallization  to  fine-grained  biotite  hornfels,  though  in  the  more 
calcareous  bands  small  poikiloblastic  masses  of  hornblende  have 
developed. 


Text-fig.  1. — The  metasomatic  rocks  associated  with  the  Criffell-Dalbeattie 

granodiorite. 


The  greywackes  have  been  recrystallized,  with  a  partial  replacement 
of  the  clastic  quartz  and  feldspar  grains,  and  the  formation  of  fine¬ 
grained  hornfels  (Text-fig.  6a).  In  thin-section  a  series  of  mineralogical 
changes  can  be  distinguished  in  progressively  metamorphosed  grey¬ 
wackes,  and  these  are  summarized  in  Table  1  below. 


Creywacke 


Hornfels 


Table  1 

Quartz  Scricite 

I  Chlorite 
I  (recrystallized) 

I  Biotite 

\  - 

Hornblende 

!  \ . 

i  Diopside 


Calcite 

(autl 


Feldspar 


i 

Albite- 
Oligoclase 


Oligoclase- 

Andesine 
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Quartz  pools  have  segregated  in  many  of  the  biotite  hornfelses  and 
in  some  cases  they  are  3  mm.  long  and  enclose  numerous  biotite  flakes 
and  plagioclase  grains.  Plagioclase  porphyroblasts,  ranging  in  composi¬ 
tion  from  An  28  to  An  35,  have  developed  in  some  biotite  hornfelses, 
and  are  abundant  in  many  of  the  greywacke  hornfelses.  These  por¬ 
phyroblasts  often  have  minute  sericite  flakes  developed  at  the  centre, 
but  there  is  generally  a  clear  outer  zone  of  more  albitic  plagioclase. 
Rarely  microperthite  pools  up  to  2  mm.  across  have  developed  in  the 
biotite  homfels,  and  have  replaced  the  quartz  and  plagioclase,  but  have 
enclosed  or  pushed  aside  the  biotite  flakes.  The  development  of  these 
structures  must  indicate  a  certain  amount  of  metasomatism  of  the 
hornfelses  (Text-fig.  6a). 

At  some  points  immediately  adjacent  to  the  granodiorite,  biotite 
hornfelses  with  only  thin  siliceous  bands,  have  been  irregularly  con¬ 
torted  and  disrupted,  indicating  that  the  rock  must  have  been  plastic¬ 
ally  mobile  during  the  emplacement  of  the  granodiorite. 

III.  The  Metasomatic  Bodies 

The  contact  of  the  granodiorite,  the  hornfelses,  and  the  associated 
metasomatic  bodies  are  well  exposed  on  the  hills  N.E.  of  Rockclifie. 
The  characteristic  features  of  the  metasomatic  bodies  are  clearly 
displayed  in  this  locality,  and  therefore  it  is  taken  as  the  representative 
area  and  described  in  some  detail. 

Text-figure  2  is  a  map  of  part  of  the  granodiorite  contact  N.E.  of 
Rockclifie,  on  the  scale  of  25  inches  to  the  mile.  The  cross-cutting 
nature  of  the  granodiorite  contact  is  clearly  brought  out,  and  is 
characteristic  of  the  whole  pluton.  The  hornfelses  are  everywhere 
steeply  dipping,  and  their  trend  is  indicated  by  the  ornament  on  the 
map. 

The  hornfelses  are  closely  associated  with  a  dark  grey,  fine-grained, 
equigranular  rock  consisting  essentially  of  oligoclase-andesine,  biotite, 
hornblende,  and  quartz.  This  rock  may  be  termed  a  quartz-diorite 
(Macgregor,  1937,  p.  462),  as  it  possesses  the  mineralogical  composition 
and  texture  of  many  quartz-diorites.  It  varies  considerably  in  appear¬ 
ance,  the  darker  varieties  often  possess  a  vague  banding  and  resemble 
the  coarser  greywacke  hornfelses,  while  the  lighter  coloured  rocks  tend 
to  be  homogeneous  but  enclose  small  patches  of  darker  material. 
These  rocks  are  sometimes  bounded  by  sharp  contacts,  but  at  many 
points  there  is  a  gradation  along  the  strike  of  the  hornfelses  in  quartz- 
dioritic  rocks. 

A  number  of  irregular  masses  of  rock  characterized  by  plagioclase 
crystals  up  to  8  mm.  long  are  closely  associated  with  the  quartz- 
dioritic  rocks.  Trails  of  tiny  mafic  minerals  often  bend  around  the 
plagioclase  crystals,  giving  the  rock  an  augen  texture.  Mineralogically 
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Text-hg.  2. — The  metasomatic  rocks  near  the  granodiorite  contact  N.E.  of  Rockcliffe.  Rectangular  area  shown  in  Text-fig. 
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these  rocks  are  like  porphyrites,  and  they  often  have  sharp,  apparently 
intrusive  contacts.  Because  these  bodies  occur  only  at  the  margin  of 
the  granodiorite,  they  are  here  referred  to  as  “  marginal  porphyrites 
In  the  north-eastern  part  of  the  area  shown  by  Text-fig.  2,  “  marginal 
porphyrite  ”  forms  large,  irregular,  dyke-like  masses,  but  to  the  south¬ 
west  it  is  closely  associated  with  the  quartz-diorite  into  which  it 
grades  at  a  number  of  points. 

Accompanying  the  quartz-diorite  and  marginal  porphyrite  are  a 
number  of  irregular  shaped  masses  of  light  grey  rock,  which  consist 
of  plagioclase  phenocrysts  about  1  mm.  long  with  small  mafic  minerals 
in  a  finely  granular  ground  mass.  On  Text-figs.  2  and  3  these  rocks  are 
referred  to  as  finely  porphyroblastic  masses.  They  are  closely  associated 
with  porphyroblastic  hornfelses,  and  both  usually  have  a  marked 
planar  orientation  of  the  minerals.  This  foliation  is  continuous  across 
the  finely  interdigitated  contact  between  the  two  rocks. 

A  number  of  medium  grained,  leucocratic  veins,  from  3  to  30  inches 
thick,  cut  the  hornfelses  and  the  metasomatic  rocks.  These  veins 
generally  have  sharp,  parallel  contacts,  and  appear  to  fill  partings 
in  the  country  rock.  The  metasomatic  bodies  are  described  in  greater 
detail  below. 

IV.  The  Quartz-Diorite 

The  quartz-diorite  rocks  are  fine-grained  equigranular  rocks  which 
consist  essentially  of  oligoclase-andesine,  tremolitic  hornblende,  biotite, 
quartz,  and  sometimes  diopside.  They  vary  considerably  in  colour 
and  in  the  proportions  of  the  minerals  present,  from  light  grey  speckled 
rocks  to  dark  varieties  having  the  appearance  of  greywacke  hornfels. 

(a)  Field  Relations. 

The  main  mass  of  quartz-diorite  occurs  in  the  western  part  of  Text- 
fig.  2.  It  is  very  irregular  in  shape  and  encloses  several  sheets  of 
apparently  undisturbed  biotite-hornfels.  Although  sharp  contacts 
occur,  more  often  there  is  a  gradation  from  the  hornfelses  into  the 
quartz-diorite.  The  greywacke  hornfelses  grade  into  dark  quartz- 
dioritic  rocks  which  are  often  vaguely  banded  parallel  to  the  relict 
sheets  of  biotite-hornfels  occurring  in  them.  In  some  places  the 
edge  of  the  quartz-diorite  coincides  with  the  bedding  of  the  biotite 
hornfels.  Away  from  the  hornfelses  the  quartz-diorite  is  a  light  grey, 
fine-grained,  uniform  rock,  in  which  there  is  no  sign  of  any  original 
bedding  structure.  Rounded  patches  of  darker  material  sometimes 
occur  in  the  light  grey  quartz-diorite,  and  there  is  often  a  marked 
planar  orientation  of  the  mafic  minerals  of  the  rock.  The  strike  of  this 
foliation  and  the  banding  of  the  quartz-diorite  is  shown  by  the  orna¬ 
ment  on  Text-figs.  2  and  3,  and  at  some  points  the  dip  is  shown.  The 
planar  structure,  when  seen  in  the  quartz-diorite,  and  the  relict  sheets 
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of  biotite-homfels  appear  to  be  approximately  parallel  to  the  bedding 
of  the  homfelses. 

The  field  evidence  does  indicate  a  gradation  from  the  homfelses 
through  the  dark  quartz-dioritic  rocks  into  the  light-grey,  fine-grained 
uniform  quartz-diorite,  and  therefore  it  is  suggested  that  these  rocks 
were  found  by  metasomatic  transformation  of  the  homfelses.  However, 
in  some  places  the  quartz-diorite  has  been  mobilized  and  intrudes 
the  homfelses,  enclosing  numerous  angular  xenoliths. 

(b)  Mineralogical  and  textural  adjustments. 

Owing  to  the  small  scale  rhythmic  banding  it  is  unfortunately 
impossible  to  trace  the  changes  in  a  single  bed  along  its  strike.  The 
general  nature  of  the  metasomatic  replacements  must  be  inferred  from 
the  trend  of  the  mineralogical  and  textural  adjustments  in  the  grada¬ 
tional  rocks  and  these  are  described  below. 

(1)  The  thermal  metamorphism  of  the  greywackes  and  shales  by 
the  granodiorite  produced  fine-grained  homfelses.  The  greywackes 
recrystallized  to  quartz-biotite-hornblende  homfels,  sometimes  with 
diopside ;  the  shales  to  biotite-hornfels  with  hornblende  in  the 
calcareous  layers  (Text-fig.  6a). 

(2)  In  some  cases  the  first  stage  in  the  transformation  of  the  hom¬ 
felses  appears  to  be  the  increase  in  the  size  of  the  poikiloblasts  of 
tremolitic  hornblende.  The  homfelses,  especially  the  greywackes, 
are  then  very  dark  in  colour,  because  of  the  large  poikiloblastic  masses 
of  hornblende  which  enclose  numerous  granules  of  quartz,  plagioclase, 
and  biotite  (Text-fig.  6b).  Since  the  country-rocks  are  highly  siliceous 
these  hornblende-rich  rocks  could  hardly  be  formed  by  simple  meta- 
morphic  recrystallization,  and  therefore  it  is  suggested  that  they  have 
been  basified  by  the  introduction  of  the  elements  which  go  to  form 
hornblende,  namely  Mg  and  Fe. 

(3)  The  development  of  plagioclase  porphyroblasts  is  an  essential 
stage  in  the  transformation  of  the  homfelses  to  quartz-dioritic  rocks. 
The  composition  of  the  porphyroblasts  varies  from  An  35  to  An  20, 
and  faint  oscillatory  zoning  may  be  present.  Most  porphyroblasts 
show  a  definite  outer  zone  of  more  sodic  composition,  and  in  many 
the  central  portion  has  been  altered  with  the  development  of  minute 
sericite  flakes.  The  porphyroblasts  are  usually  1  to  3  mm.  long,  and 
they  have  developed  by  replacement  of  the  quartz,  plagioclase,  biotite, 
and  poikilitic  masses  of  tremolitic  hornblende.  Small  biotite  flakes 
and  occasionally  plagioclase  and  hornblende  granules  may  be  enclosed 
within  the  porphyroblasts.  Simultaneously  the  granular  groundmass 
was  recrystallized.  The  quartz  granules  gradually  increase  in  size  and 
coalesce,  until  no  sign  of  the  hornfels  texture  or  the  original  clastic 
texture  of  the  greywackes  remains  in  the  quartz-dioritic  rocks. 
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The  growth  of  the  oligoclase-andesine  porphyroblasts  must  indicate 
an  introduction  of  certain  elements  into  the  homfelses.  The  elements 
necessary  for  their  formation  appear  to  be  Na  and  Al,  since  the  Ca 
was  already  present  in  all  the  rocks  except  some  of  the  biotite  hornfels, 
and  in  these  the  porphyroblasts  tend  to  be  more  sodic  in  composition. 

(4)  In  the  light  grey  quartz-diorites  intergranular  pools  of  potash 
feldspar  have  developed  by  replacement  of  the  plagioclase  quartz  and 
mafic  minerals,  and  indicate  an  introduction  of  K.  Occasionally 
the  pools  are  large  and  enclose  partly  replaced  relics  of  plagioclase 
crystals  (Text-fig.  6d).  The  development  of  the  potash  feldspar  pools 
was  everywhere  later  than  the  growth  of  the  oligoclase-andesine 
porphyroblasts.  Potash  feldspar  pools  sometimes  occur  in  homfelses 
in  which  no  plagioclase  porphyroblasts  have  developed. 

(5)  In  the  most  acid  quartz-diorites  a  second  generation  of  biotite 
crystallized  as  fresh  porphyroblastic  flakes  which  replaced  the  other 
minerals  of  the  rock.  The  tremolitic  hornblende  may  be  completely 
replaced  and  the  rock  then  consists  entirely  of  quartz,  plagioclase, 
potash  feldspar,  and  biotite,  two  generations  of  which  may  sometimes 
be  distinguished. 

(c)  Petrogenesis. 

The  paragenetic  sequence  of  the  minerals,  the  textures  and  the  field 
relations  of  the  quartz-dioritic  rocks  appear,  therefore,  to  indicate 
their  formation  in  place  by  metasomatic  replacement  of  the  greywacke 
and  shale  homfelses.  The  early  development  of  large  tremolitic 
hornblende  porphyroblasts  in  some  homfelses  suggests  that  the  first 
stage  of  the  metasomatic  transformation  was  marked  by  the  intro¬ 
duction  of  Mg  and  Fe.  However,  this  initial  basification  is  frequently 
absent,  and  the  growth  of  the  oligoclase  porphyroblasts  is  the  first 
essential  stage  in  the  transformation  of  homfelses  to  quartz-diorite. 

Consequently  it  is  thought  that  the  first  waves  of  solutions  intro¬ 
duced  into  the  homfelses  from  an  external  source  were  characterized 
by  predominance  of  Na  and,  in  order  to  establish  a  new  equilibrium, 
oligoclase  porphyroblasts  developed.  Most  probably  the  main  elements 
introduced  were  Na  and  Al,  while  simultaneously  Mg  and  Fe  were 
replaced  and  migrated,  since  they  occur  in  the  hornblende  which  was 
progressively  replaced  by  the  plagioclase.  Therefore,  as  the  Na- 
bearing  solutions  advanced  into  the  homfelses  they  may  have  become 
enriched  in  the  displaced  elements,  namely  Mg  and  Fe,  and  it  is  con¬ 
ceivable  that  these  were  fixed  again  as  hornblende  at  some  points  on 
the  margin  of  the  metasomatized  masses.  Some  Ca  may  have  migrated 
with  the  Mg  and  Fe,  but  it  would  be  very  difficult  to  verify  this  because 
of  the  original  calcareous  nature  of  the  homfelses. 


Metasomatic  Rocks  Associated  with  Granodiorite 


9 


The  early  “  basification  ”  is  considered  to  be  a  complementary, 
but  not  a  necessary  process  accompanying  the  main  Na-metasomatism, 
since  the  character  of  the  solutions  depends  on  the  ions  that  were 
displaced.  There  is  no  evidence  that  there  was  a  widespread  intro¬ 
duction  of  Mg  and  Fe,  but  merely  a  redistribution  and  local  con¬ 
centration  at  some  points  along  the  margin  of  the  metasomatized 
masses. 

The  oscillatory  zoning  present  in  some  plagioclase  porphyroblasts, 
and  the  renewed  development  of  hornblende  poikiloblasts  in  some  of 
the  darker  quartz-dioritic  rocks  indicates  fluctuations  in  the  character 
of  the  permeating  solutions. 

The  later  solutions  introduced  into  the  hornfelses  were  characterized 
by  the  predominance  of  K  and  Si,  and  caused  the  development  of 
potash  feldspar  pools.  In  the  more  acid  quartz-diorites  a  second 
generation  of  biotite  crystallized  as  porphyroblastic  flakes,  and  in 
some  cases  the  remaining  tremolitic  hornblende  was  completely 
replaced. 

Although  these  metasomatic  replacements  were  probably  facilitated 
by  a  considerable  amount  of  intergranular  liquid,  the  permeated 
material  did  not  move  as  a  whole.  Consequently  the  quartz-diorite 
is  regarded  as  the  product  of  static  metasomatic  transformation  of  the 
hornfelses.  Locally,  however,  the  quartz-diorite  has  been  mobilized 
and  intrudes  the  hornfelses  enclosing  numerous  angular  xenoliths. 
At  these  points  the  quartz-diorite  is  usually  lighter  in  colour,  and 
often  shows  a  slight  increase  in  the  size  of  the  plagioclase  porphyro¬ 
blasts. 

Macgregor  pointed  out  that  the  quartz-diorite  of  Glen  Isle  is  similar 
in  mineralogy  to  the  quartz-diorite  in  the  west,  but  he  mentioned 
that  the  textural  features  suggested  that  the  rock  had  suffered  some 
degree  of  metamorphism,  presumably  by  the  granodiorite  within 
which  it  occurs.  In  the  opinion  of  the  author  the  Glen  Isle  quartz 
diorite  is  an  exceptional  example  of  static  metasomatic  transformation 
of  hornfelses  into  a  light-grey,  fine-grained  rock  which  is  very  uniform 
in  texture  throughout  its  outcrop.  A  gradation  from  hornfels  to  quartz- 
diorite  occurs  at  the  tip  of  the  peninsula,  and  this  large  mass  probably 
represents  a  large  pendant  or  block  from  the  roof  of  the  granodiorite 
magma  chamber.  The  characteristic  textural  features  of  this  quartz- 
diorite  are  :  the  sutured,  jig-saw  like  pattern  of  the  quartz-feldspar 
groundmass,  and  the  optical  continuity  of  all  the  apparently  dis¬ 
connected,  porphyroblastic  plates  of  late  biotite  within  areas  sometimes 
as  large  as  10  mm.  in  diameter  (Text-fig.  6f).  The  porphyroblastic 
plates  of  biotite  show  replacement  relations  to  the  potash  feldspar 
pools.  It  seems  highly  improbable  that  such  a  texture  could  be  formed 
by  the  crystallization  of  a  magmatic  liquid. 
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-The  porphyroblastic  hornfelses  and  the  finely  porphyroblastic  masses. 
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V.  The  PoRPHYROBLASTic  Hornfelses  and  the  Finely  Porphyro- 
BLASTic  Masses 

In  places,  especially  where  the  greywackes  are  thickest,  the  hornfelses 
are  crowded  with  plagioclase  porphyroblasts  1  to  2  mm.  in  length. 
The  porphyroblasts  range  in  composition  from  An  35  to  An  20,  and 
always  have  fresh,  more  albitic  outer  zones.  Layers  of  biotite  flakes 
and  small  poikilitic  masses  of  tremolitic  hornblende  have  been  dis¬ 
rupted  and  pushed  aside  by  the  plagioclase  porphyroblasts.  The 
biotite  flakes  have  been  partly  replaced  by  the  plagioclase  which 
sometimes  encloses  numerous  granules  of  biotite.  The  tremolitic 
hornblende  rarely  occurs  as  inclusions  in  the  porphyroblasts.  The 


Text-fio.  4a. — The  finely  interdigitated  contact  between  the  finely  porphyro- 
blastic  rock  (left),  and  the  porphyroblastic  homfels. 

4b.  Thin  section  of  the  same  contact  showing  the  concentration 
of  tremolitic  hornblende  in  the  homfels. 

amount  of  tremolitic  hornblende  present  in  the  rock  appears  to  vary 
inversely  with  the  number  of  porphyroblasts  and  the  amount  of  the 
finely  granular  matrix  of  quartz  and  plagioclase. 

The  development  of  plagioclase  porphyroblasts  and  the  replacement 
of  the  tremolitic  hornblende  in  the  porphyritic  hornfelses  suggests  an 
introduction  of  Na  and  Al,  and  the  migration  of  Mg  and  Fe,  most 
likely  to  be  fixed  again  as  hornblende  in  some  other  part. 

The  recrystallization  of  the  plagioclase  in  the  porphyroblastic 
hornfelses  emphasized  the  layers  of  the  mafic  minerals,  thus  giving  the 
rock  a  marked  foliation  parallel  to  the  bedding.  This  foliation  con¬ 
tinues  without  break  across  the  finely  interdigitated  contact  with  the 
lighter  coloured,  finely  porphyroblastic  masses  (Text-fig.  4a). 

The  finely  porphyroblastic  masses  which  are  shown  on  the  map 
(Text-fig.  3)  are  identical  in  texture  and  mineralogy  with  some  of  the 
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porphyroblastic  hornfelses.  Abundant  oligoclase-andesine  porphyro- 
blasts  about  1  mm.  in  length  lie  in  a  granular  matrix  of  quartz  and 
plagioclase,  with  layers  or  trails  of  small  biotite  flakes  and  occasionally 
some  tremolitic  hornblende.  In  thin  section  the  contact  is  marked 
only  by  the  abundance  of  tremolitic  hornblende  and  the  less  frequent 
porphyroblasts  in  the  hornfelses  adjacent  to  the  finely  porphyritic 
mass  (Text-fig.  4b). 

Similar  metasomatic  replacements  must  have  occurred  in  the  finely 
porphyroblastic  masses  as  in  the  porphyroblastic  hornfels.  However, 
the  sharp  edge  of  the  finely  porphyroblastic  masses  with  the  concentra¬ 
tion  of  tremolitic  hornblende  in  the  adjacent  hornfels  suggests  that 
in  this  particular  case  there  was  a  delicate  equilibrium  between  the 
entry  of  Na,  Al,  and  possibly  Si,  and  the  deposition  of  the  displaced 
Fe  and  Mg.  A  possible  explanation  is  that  a  slight  metasomatic 
mobilization  of  the  mass  would  be  sufficient  to  allow  a  much  freer 
movement  of  the  ions  within  the  mass.  This  condition  could  explain 
the  uniform  character  of  the  masses,  the  sharp,  delicately  interdigitated 
contacts,  and  the  marked  concentration  of  tremolitic  hornblende  in  the 
adjacent  hornfelses. 

VI.  The  Marginal  Porphyrite 

At  Rockcliffe,  and  at  other  points  along  the  granodiorite  contact, 
there  are  several  masses  of  rock  in  which  the  plagioclase  crystals 
attain  a  length  of  8  mm.  They  occur  only  in  the  hornfelses  near  the 
granodiorite  and  are  here  referred  to  as  “  marginal  porphyrites 

(a)  Field  Relations. 

The  marginal  porphyrite  often  forms  dyke-like  masses  which  are 
bounded  by  sharp  apparently  intrusive  contacts.  An  exceptionally 
large  mass  of  marginal  porphyrite  occurs  in  the  north-east  of  the  area 
shown  by  Text-fig.  2.  This  mass  generally  has  sharp,  steeply  dipping, 
cross-cutting  contacts,  and  is  nearly  300  feet  wide  in  places,  though  the 
thickness  varies  considerably.  The  undisturbed  nature  of  the  hornfelses 
and  the  form  of  the  mass  suggest  that  the  marginal  porphyrite  was 
formed  by  replacement  of  the  hornfelses.  In  many  places  this  marginal 
porphyrite  has  a  foliation  which  is  formed  by  the  undulating  layers 
and  trails  of  tiny  mafic  minerals  lapping  around  the  plagioclase 
porphyroblasts.  It  is  interesting  to  note  that  this  foliation  strikes 
across  the  length  of  the  mass  and  is  approximately  parallel  to  the 
strike  of  the  hornfelses. 

Abruptly  terminated  masses  of  marginal  porphyrite  occur  in  the 
south-western  part  of  Text-fig.  2.  Many  have  a  marked  foliation 
which  does  not  parallel  the  contacts,  but  usually  strikes  across  the 
mass  and  is  discordant  to  the  contact  in  many  places.  A  few  relatively 
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large  and  apparently  undisturbed  masses  of  biotite-hornfelses  occur 
within  some  marginal  porphyrites. 

A  mass  of  marginal  porphyrite  of  very  irregular  shape  occurs  in  the 
north-west  part  of  the  area  shown  on  Text-fig.  3.  It  has  sharp  or 
rapidly  gradational  contacts  with  the  undisturbed  homfelses.  The 
contact  of  this  marginal  porphyrite  with  the  quartz-diorite  to  the 
north  is  sharp  in  places,  but  in  the  north-west  comer  of  Text-fig.  3 
there  is  a  gradual  transition  from  the  quartz-diorite  into  the  marginal 
porphyrite. 

A  number  of  other  masses  of  marginal  porphyrite  occur  in  the  area 
shown  by  Text-fig.  3.  Their  outcrops  vary  greatly  in  shape,  and  a 
number  have  very  irregular  but  sharp  contacts.  The  larger  mass  in  the 
south-east  of  the  area  appears  to  grade  into  the  finely  porphyritic 
mass.  A  foliation  is  seen  in  many  of  the  marginal  porphyrites  and  in 
some  places  it  is  discordant  with  the  contacts. 

(6)  Petrography. 

In  hand  specimen  the  characteristic  feature  of  the  marginal  por¬ 
phyrite  is  given  by  the  undulating  layers  or  trails  of  biotite  flakes 
which  often  curve  around  the  plagioclase  crystals  giving  the  rock  a 
marked  augen  texture  (Text-fig.  5). 

The  edges  of  the  plagioclase  crystals  are  often  irregular  and  granules 
of  biotite,  plagioclase,  and  occasionally  hornblende  have  been  enclosed 
(Text-figs.  6c  and  6e).  The  composition  ranges  from  An  35  to  An  20  ; 
always  there  is  a  clear,  more  albitic  outer  zone,  and  in  some  cases 
oscillatory  zoning  is  present.  Thus  it  appears  that  these  are  porphyro- 
blasts  of  plagioclase  which  are  very  similar  to  those  of  the  quartz- 
dioritic  rocks.  In  the  marginal  porphyrites  the  porphyroblasts  range 
in  size  from  1  to  8  mm.  in  length,  and  many  are  composed  of  more 
than  one  crystal.  Small  flakes  of  deep  brown  biotite  often  form  trails 
which  curve  round  the  porphyroblasts,  though  usually  at  some  distance 
from  the  plagioclase.  Small,  irregular  clots  of  tremolitic  hornblende 
are  often  present. 

The  groundmass  is  finely  granular  in  texture  and  consists  of  quartz, 
oligoclase,  and  some  potash  feldspar.  Quartz  and  potash  feldspar 
sometimes  occur  as  porphyroblasts  or  as  large  segregations  (Text-fig.  6e), 
and  in  some  of  these  potash-rich  rocks  biotite  forms  large  subhedral 
flakes. 

The  marginal  porphyrites  and  the  quartz-dioritic  rocks  are  identical 
in  mineralogy  and  at  several  points  there  is  a  gradation  from  one  to 
the  other.  The  gradation  from  the  darker  quartz-diorites  to  marginal 
porphyrite  is  accomplished  by  the  increase  in  size  of  the  plagioclase 
porphyroblasts,  the  replacement  of  much  of  the  tremolitic  hornblende. 
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Text-fig.  5. — The  “  marginal  porphyrite  ”,  showing  a  sharp  contact  with 
homfels,  plagioclase  porphyroblasts,  trails  of  biotite  flakes  (black), 
and  lenticular  homfels  xenoliths. 


and  the  development  of  a  granular  quartz-feldspar  groundmass  which 
is  usually  of  finer  grain  size  than  the  quartz-diorite. 

(c)  Petrogenesis. 

The  field  relations  and  the  petrography  of  the  marginal  porphyrites 
indicate  that  they  are  closely  related  to  the  quartz-dioritic  rocks,  and 
both  groups  appear  to  have  been  formed  by  transformation  of  the 
homfelses.  Although  the  nature  of  the  metasomatic  replacements  was 
essentially  the  same  in  both  cases,  the  marginal  porphyrite  and  the 
quartz-dioritic  rocks  differ  in  their  field  occurrence  and  in  the  textural 
arrangement  of  the  component  minerals. 

The  sharp  apparently  intrusive  contacts  of  the  marginal  porphyrite 
indicates  that  there  has  been  a  certain  amount  of  mobilization  of  the 
permeated  rock.  The  microscopic  texture  suggests  that  the  plagioclase 
porphyroblasts  grew  to  a  large  size  in  a  crystal  mush  which  later 
crystallized  as  the  granular  quartz-feldspar  groundmass.  The  small 
flakes  of  biotite  and  some  hornblende  appear  to  have  been  drawn  into 
trails,  which  often  curve  around  the  porphyroblasts  by  flowage  of 
the  crystal  mush. 

Since  the  marginal  porphyrite  is  usually  uniform  in  appearance  it 
seems  likely  that  the  whole  of  the  rock  body  had  been  capable  of 
flowage  as  a  result  of  the  metasomatism.  However,  this  metasomatic 
mobilization  could  not  have  been  great,  because  the  foliation  which 
is  distinctive  in  many  marginal  porphyrites  is  approximately  parallel 
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to  the  bedding  of  the  hornfelses  and  appears  to  be  a  relict  structure  of 
the  original  planar  orientation  of  the  mafics  in  the  hornfelses. 

It  is  concluded  that  the  marginal  porphyrite  is  very  closely  related 
to  the  quartz-diorite,  but  that  it  attained  its  characteristic  features  by 
some  degree  of  metasomatic  mobilization  in  contrast  to  the  relatively 
static  metasomatic  origin  of  the  quartz-diorite. 

{d)  Comparison  with  true  porphyrites. 

The  very  marked  differences  between  the  minor  intrusive  por¬ 
phyrites  and  the  “  marginal  porphyrites  ”  are  summarized  below  : — 

Porphyrites.  “  Marginal  Porphyrites." 

1.  Intruded  into  the  sedimentary  Confined  to  the  hornfels  within 
and  “  granitic  ”  rocks  over  a  wide  200  yards  of  the  granodiorite. 

area. 

2.  Usually  uniform  in  width.  Irregular  shaped  masses. 

3.  When  wide,  may  be  formed  of  Usually  uniform  in  character 

several  intrusions  and  show  increase  throughout  width,  but  may  grade 
in  grain  size  towards  the  centre.  into  the  quartz-diorite. 

4.  Always  sharp,  chilled  contacts  No  chilling ;  even  when  “  intru- 

with  some  thermal  metamorphism  of  sive  ”  the  contact  is  rapidly  grada- 
the  wall  rocks.  tional. 

5.  The  phenocrysts  may  be  aligned  Trails  of  biotite  flakes  bend  around 

as  in  liquid  flow.  augen-like  plagioclase  porphyro- 

blasts. 

6.  Flow  orientation  usually  con-  A  maiked  foliation  may  extend 
fined  to  the  margins  of  the  dyke.  throughout  the  mass  approximately 

parallel  to  the  bedding  of  the 
hornfels  and  often  crossing  the 
length  of  the  mass. 

7.  Igneous  textures  with  euhedral  Porphyroblasts  often  with  numer- 

and  subhedral  phenocrysts  in  a  ground  ous  inclusions,  and  trails  of  biotite 
mass  of  intergrown  quartz  and  feld-  flakes  in  a  granular  ground  mass  of 
spar;  may  be  microcrystalline.  quartz  and  feldspar. 

8.  Hornblende  phenocrysts  are  con-  Most  of  the  tremolitic  hornblende 

spicuous.  has  been  replaced. 

9.  Usually  a  contrast  between  the  Always  closely  associated  with 

minerals  of  the  dyke  and  those  of  the  hornfelses  and  the  quartz  diorite,  and 
sedimentary  rocks.  the  mineral-assemblages  are  similar. 

Vll.  The  Leucocratic  Veins 

Several  medium  grained,  leucocratic  veins,  from  3  to  30  inches  in 
width,  cut  the  rocks  described  above.  They  are  generally  parallel 
sided  and  have  sharply  gradational  contacts.  Some  of  the  veins  are 
folded,  probably  by  post-crystallization  movements  while  the  rocks 
were  capable  of  plastic  deformation. 

These  veins  consist  essentially  of  large  oligoclase-andesine  por¬ 
phyroblasts  which  are  very  similar  in  composition  and  form  to  those 
of  the  marginal  porphyrites,  in  an  intergrown  groundmass  of  quartz 
and  feldspar.  Potash  feldspar  is  conspicuous  in  the  groundmass  and 
many  veins  have  conspicuous  subhedral  porphyroblasts  of  biotite  and 
occasionally  small  porphyroblasts  of  potash  feldspar.  Where  the 
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potash  feldspar  is  in  contact  with  plagioclase,  thin  zones  of  myrmekite 
have  developed. 

It  is  thought  that  the  veins  consolidated  from  a  crystal  mush  which 
was  intruded  into  partings  in  the  other  rocks  which  had  already 
consolidated.  This  crystal  mush  possibly  represents  the  most  com¬ 
pletely  mobilized  material  formed  during  the  permeation  and  trans¬ 
formation  of  the  homfelses  by  solutions. 

VIII.  Discussion 

The  two  main  rock  types  described,  viz.  the  quartz-diorite  and  the 
“  marginal  porphyrite  ”,  are  of  metasomatic  origin  and  are  intimately 
associated  with  the  homfelses  at  a  number  of  points  along  the  contact 
of  the  granodiorite.  These  rocks  generally  occur  as  distinct  bodies 
within  200  yards  of  the  granodiorite,  and  are  cut  across  by  the  contact 
of  the  granodiorite.  Therefore,  it  is  concluded  that  the  metasomatic 
bodies  must  have  been  formed  before  the  emplacement  and  consolida¬ 
tion  of  the  granodiorite  magma,  and  that  the  metasomatism  was 
brought  about  by  material  which  migrated  in  advance  of  the  ascending 
magma,  the  “  cortege  d’emanations  ”. 

Two  closely  related,  but  distinct,  types  of  metasomatism  have  been 
distinguished,  and  have  effected  the  development  of  both  the  quartz- 
diorite  and  the  “  marginal  porphyrite  ”.  The  main  metasomatism 
was  characterized  by  the  introduction  of  Na  and  Al,  with  the  develop¬ 
ment  of  oligoclase  porphyroblasts  and  the  replacement  of  the  tremolitic 
hornblende.  Consequently,  the  solutions  may  have  become  enriched 
in  the  displaced  elements,  namely  Mg,  Fe,  and  Ca ;  and  it  is  con¬ 
ceivable  that  as  the  solutions  permeated  further  into  the  hornfels, 
these  were  fixed  again  as  hornblende.  The  early  metasomatic  develop¬ 
ment  of  hornblende  that  occurred  in  some  homfelses  is  regarded  as 
a  complementary  process  to  the  main  Na  metasomatism.  The  second 
metasomatism  was  characterized  by  the  introduction  of  K,  and  the 
development  of  potash  feldspar  pools  and,  later,  porphyroblastic  plates 
of  biotite.  Whereas  the  sodium-  and  the  later  potassium-bearing 
solutions  were  introduced  into  the  hornfels  from  an  external  source, 
the  early  “  basification  ”  was  brought  about  by  a  redistribution  and 
local  concentration  of  the  Mg,  Fe,  and  Ca  by  the  greatly  modified 
solutions  of  the  Na-metasomatism. 

It  is  thought  that  in  this  environment  the  transportation  of  the 
ions  was  effected  mainly  by  the  intergranular  active  fluid  phase. 
Consequently,  if  the  amount  of  the  fluid  phase  present  was  sufficiently 
great,  a  movement  or  flow  of  the  permeated  material  would  be  possible. 
This  condition  has  been  referred  to  as  metasomatic  mobilization,  as 
opposed  to  static  metasomatism,  during  which  there  was  no  movement 
of  the  permeated  material  as  a  whole. 
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The  quartz-diorite  developed  by  static  metasomatic  replacement  of 
the  homfelses,  with  no  appreciable  movement  of  the  permeated 
material  except  locally  at  some  points  along  the  margin.  This  may 
be  regarded  as  the  normal  trend  of  the  metasomatic  replacements. 

In  contrast,  the  “  marginal  porphyrite  ”  attained  its  characteristic 
textural  and  structural  features  by  some  degree  of  metasomatic 
mobilization  of  the  permeated  homfelses  during  their  transformation. 

The  term  mobilization  has  been  used  several  times  in  this  account, 
and  it  is  convenient  at  this  point  to  summarize  the  instances  when  it 
has  been  applied. 

(1)  At  some  points  along  the  granodiorite  contact  the  biotite- 
homfelses  have  been  irregularly  contorted  by  movements  while  they 
were  in  a  state  capable  of  plastic  deformation.  This  is  a  plastic  mobili¬ 
zation. 

(2)  It  has  been  suggested  that  a  slight  metasomatic  mobilization 
could  account  for  the  sharp,  delicately  interdigitated  contact  between 
the  porphyroblastic  homfelses  and  the  light  grey,  finely  porphyro- 
blastic  masses,  which  are  structurally  and  mineralogically  identical 
with  the  hornfels,  except  for  the  concentration  of  tremolitic  horn¬ 
blende  in  the  adjacent  homfelses. 

(3)  The  “  marginal  porphyrites  ”  were  formed  by  a  mobilization  of 
permeated  homfelses  undergoing  metasomatic  adjustments.  This  is 
a  metasomatic  mobilization  proper. 

(4)  The  leucocratic  veins  represent  the  most  completely  mobilized 
material  which  was  intruded  as  a  crystal  mush  into  fractures  that  cut 
the  other  rocks  indiscriminately. 

Table  2  is  a  diagrammatic  summary  of  the  sequence  of  minerals 
and  the  metasomatic  replacements  which  brought  about  the  trans¬ 
formation  of  the  homfelses  to  quartz-diorite  and  “  marginal  por¬ 
phyrite  The  more  normal  trend  of  the  transformation  is  represented 
by  the  metasomatic  convergence  of  the  greywacke  and  shale  homfelses 
to  quartz-dioritic  rocks  and  finally  to  the  light  coloured,  speckled, 
biotite-quartz-diorite.  The  development  of  the  “  marginal  porphyrite  ” 
is  represented  by  the  left  branch  of  the  Table,  where  the  characteristic 
textural  features  were  brought  about  by  the  mobilization  of  the 
permeated  mass. 

The  elements  introduced  into  the  homfelses  by  the  solutions  are 
shown  on  the  left.  The  K-rich  solutions  and  the  further  penetrating 
Na-rich  solutions  were  introduced  from  an  external  source,  while  the 
Mg,  Fe-rich  solutions,  which  caused  the  local  basification,  are  thought 
to  have  been  the  most  advanced  Na-solutions  greatly  modified  by 
interchange  of  ions  with  the  crystalline  rock. 

The  metasomatic  mobilization  did  not  depend  upon  the  character 
of  the  metasomatism,  but  rather,  it  seems,  upon  the  amount  of  inter- 


18 


W.  J.  Phillips— 


granular  fluid.  Potash  feldspar  and  biotite  porphyroblasts  are  con¬ 
spicuous  in  some  “  marginal  porphyrites  ”,  but  many  have  been 
effected  by  the  Na-metasomatism  only.  The  finely  porphyroblastic 
masses  represent  a  particular  case  of  slight  metasomatic  mobilization 
where  the  structural  continuity  of  the  rocks  has  not  been  destroyed. 
Most  likely  there  is  a  gradation  between  these  rocks  and  the  “  marginal 
porphyrites  ”  which  tend  to  form  large,  more  intrusive-like  masses, 
though  even  in  these  the  foliation  appears  to  be  a  relict  of  the  original 
banding  of  the  hornfelses.  The  most  completely  mobilized  material, 
as  represented  by  the  leucocratic  veins,  was  rich  in  potash,  and  it  is 
thought  to  have  been  intruded  as  a  crystal  mush  into  partings  in  the 
other  already  consolidated  rocks. 


Table  2. — Diagrammatic  Summary  of  the  Mineral  Sequence  and  the 
Metasomatic  Transformation  of  the  Hornfelses. 


GREYWACKE 


- Hornfelses - SHALE 

Metasomatic  Convergence 

Poikilitic  masses  of 
t  remol  it  ic-hornblende 


Oligoclase-Andesine 
porphyroblasts 

StatIc 

Metasomatism 


Metasomatic  Mobilization 

Large  porphyroblasts  in 
a  granular  matrix 


MARGINAL  PORPHYRITE 


Replacing  pools  of 
potash-feldspar 


Biotite 

porphyroblasts 


QLARTZ-DIORITE 


Text-hg.  6. — A.  Biotite  homfels  with  a  plagioclase  porphyroblast  and  some 
quartz  pools  (top  left);  greywacke  homfels  with  poikilitic  masses  of 
hornblende  (oblique  cleavage)  and  diopside  (rectangular  cleavage). 

B.  Plagioclase  porphyroblasts  and  poikilitic  masses  of  hornblende 
in  biotite  homfels  (top  left);  large  poikilitic  masses  of  tremolitic 
hornblende  in  a  dark  quartz-diorite. 

C.  “  Marginal  po^hyrite,”  a  large  zoned  plagioclase  porphyro¬ 
blast  and  trails  of  biotite  flakes  in  a  fine  granular  groundmass. 

D.  Quartz-diorite  composed  of  hornblende,  diopside,  oligoclase- 
andesine,  quartz,  and  biotite,  with  a  large  replacing  pool  of  potash 
feldspar. 

E.  “  Marginal  porphyrite,”  with  quartz,  potash  feldspar  segrega¬ 
tions,  plagioclase  porphyroblasts,  and  trails  of  biotite  flakes  in  a 
fine  granular  groundmass. 

F.  Glen  Isle  quartz-diorite  showing  a  very  large  porphyroblast 
of  biotite,  the  sutured  groundmass  of  quartz  and  feldspar,  and 
replacing  pools  of  potash  feldspar. 
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Goodspeed  has  recognized  replacement  and  rheomorphic  masses, 
mainly  porphyrites,  in  the  western  United  States,  and  has  formulated 
the  distinctive  characteristics  of  dilation,  replacement,  and  rheomorphic 


20 


Metasomatic  Rocks  Associated  with  Granodiorite 


dykes.  Rheomorphism  used  in  this  restricted  sense  implies  that  there 
was  sufficient  intergranular  liquid  to  allow  some  minerals  to  form  by 
fractional  crystallization  during  the  period  of  flowage.  Consequently 
the  “  marginal  porphyrites  ”  would  be  described  as  replacement  and 
rheomorphic  dykes,  though  the  word  dyke  is  rather  deceptive  when 
applied  to  metasomatic  bodies,  since  their  most  distinctive  feature 
is  the  variation  in  width  and  form.  The  leucocratic  veins  may  be 
termed  rheomorphic  dykes.  However,  because  the  “  marginal  por¬ 
phyrites  ”  were  closely  related  to  the  emplacement  of  one  of  the 
high-level,  late  Caledonian,  granodiorite  plutons  of  the  Southern 
Uplands,  the  terms  “  metasomatic  mobilization  ”  and  “  marginal 
porphyrite  ”  are  preferred  to  “  rheomorphism  ”  and  “  rheomorphic 
dyke 

In  conclusion,  the  author  wishes  to  thank  Professor  H.  H.  Read 
for  his  meticulous  reading  of  the  manuscript  and  invaluable  criticism, 
and  Professor  Alan  Wood  and  Mr.  J.  I.  Platt  for  the  benefit  of  their 
consultation  and  advice. 
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Contrasted  Styles  of  Folding  in  the  Rocks  of  Ord  Ban 
Mid-Strathspey ' 

By  L.  E.  Weiss,  Donald  B.  McIntyre,  and  Martin  Kursten 
(PLATES  I  AND  II) 

Abstract 

On  Ord  Ban,  quartzite  in  superposed  recumbent  folds  trending 
north-south  is  separated  by  a  slide  from  mica-schist,  granulite, 
and  marble  folded  in  monoclines  trending  east-west.  The  reasons 
for  distinguishing  between  these  two  styles  of  folding  are  given, 
and  the  characters  of  the  two  styles  are  contrasted.  A  fold  in 
quartzite  and  a  fold  in  marble  are  described  in  detail,  and  kinematic 
interpretations  are  attempted.  It  is  concluded  that  evidence  of  an 
early  deformation  involving  mylonitization  has  been  preserved 
in  the  quartzite,  and  that  the  latest  tectonic  event  distinguishable  was 
the  production  of  the  monoclines  with  attendant  twinning  of  calcite 
and  dolomite. 

I.  Introduction 

The  trend  of  the  folds  in  the  Scottish  Highlands  was  formerly 
believed  to  be  dominantly  north-east-south-west  (e.g.  Peach 
and  Horne,  1930,  fig.  27),  but,  as  a  result  of  the  petrofabric  work  of 
Coles  Phillips,  the  general  trend  in  the  Northern  and  Central  High¬ 
lands  appeared  to  be  north-west-south-east  (Phillips,  1937,  fig.  5). 
More  recently  it  has  been  discovered  (McIntyre,  1951a)  that  the  overall 
pattern  is  in  fact  complex,  but  essentially  homo-axial  regions  up  to 
100  square  miles  in  area  have  been  described  (e.g.  McIntyre,  1951b). 
On  the  small  hill  of  Ord  Ban  above  Loch  an  Eilean,  near  Aviemore, 
the  tectonic  relationships  of  the  various  rocks  are  exceptionally 
complex.  One  of  us  has  already  recorded  that  in  the  Ord  Ban  quartzites 
“  The  plunge  of  the  fold-axis  is  remarkably  constant,  but  it  does  not 
coincide  with  that  of  the  schists  or  of  the  marbles  except  where  the 
latter  are  closely  associated  with  the  quartzites”  (McIntyre,  1951c, 
p.  50).  This  locality  was  visited  in  the  course  of  an  excursion  to  the 
Highlands  after  the  Edinburgh  Meeting  of  the  British  Association 
in  1951.  One  of  the  participants.  Dr.  Kvale,  was  so  impressed  by 
the  remarkable  diversity  which  he  had  been  shown  that  he  has 
further  emphasized  the  interest  of  the  Ord  Ban  exposures  (Kvale,  1953, 
p.  63). 

On  the  north-eastern  slopes  of  Ord  Ban,  marble  and  quartzite  occur 
in  neighbouring  outcrops.  The  fold-axis  in  the  marble  is  nearly  at 
right  angles  to  that  in  the  quartzite,  and  the  forms  of  the  folds  in  the 
two  rocks  are  very  different.  A  note  on  the  megascopic  structural 
characters  of  the  quartzite  has  already  been  published  (McIntyre, 

^  Locality  map,  McIntyre  and  Turner,  1953,  text-fig.  1. 
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1951c),  and  a  petrofabric  analysis  of  a  specimen  of  the  marble  has  also 
been  recorded  (McIntyre  and  Turner,  1953,  pp.  236-240).  In  viev/ 
of  the  unusual  interest  of  this  small  but  complex  area,  it  seemed  desir¬ 
able  to  investigate  the  tectonics  of  the  marble  and  of  the  quartzite  in 
further  detail.  A  number  of  features  have  emerged  which  are  new 
to  Highland  geology,  and,  although  much  of  importance  undoubtedly 
remains  to  be  discovered  in  the  rocks  of  Ord  Ban,  we  feel  that  it  is 
now  possible  to  outline  the  characters  of  two  of  the  contrasted  styles 
of  folding  in  this  area. 

The  folds  selected  as  typical  of  the  two  styles  occur  in  rocks  of 
different  composition.  In  a  body  of  quartzite,  overlain  by  mica- 
schist  and  siliceous  granulite,  superposed  recumbent  folds  occur  as 
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Text-hg.  1. — (o)  Lineations  (crosses)  and  fold-axes  (dots)  measured  in  the 

quartzite. 

(6)  /3-diagram  for  quartzite.  Circles  with  dots  are  w-poles. 


illustrated  by  McIntyre  (1951c,  figs.  3  and  4).  The  axis  of  these  folds 
(Bi)  trends  approximately  north-south,  with  shallow  plunge  to  the 
north.  Such  folds  are  found  only  in  the  quartzite.  In  the  mica-schists 
and  granulites  overlying  the  quartzite,  and  separated  from  it  by  a 
zone  of  movement  smeared  with  a  thickness  of  several  inches  of  mica, 
small  monoclinal  folds  sporadically  occur.  In  general  these  folds  are 
about  axes  (B,)  trending  approximately  east-west  and  plunging 
gently  to  the  west.  About  3(X)  yards  to  the  north  of  the  quartzite 
a  very  large  fold  of  the  same  form  involves  also  a  thickness  of  coarsely 
crystalline  marble  (see  McIntyre  and  Turner,  1953,  p.  236,  and  text- 
fig.  6a).  This  fold  also  overlies  the  quartzite  which  is  carried  under¬ 
neath  by  the  plunge  of  its  north-south  fold-axis. 

A  strong  lineation  in  the  quartzite  parallels  the  fold-axis  of  the 
recumbent  folds  (Text-fig.  la).  No  megascopic  lineation  is  present 
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parallel  to  the  east-west  trending  fold-axis  in  the  overlying  mica-schist. 
A  ^-diagram  prepared  from  the  quartzite  (Text-fig.  \b)  shows  a 
single  strong  maximum  coinciding  with  the  maximum  concentration 
of  lineation  (5-axes).  Text-figs.  2a,  b,  and  c  are  jS-diagrams  prepared 
from  the  overlying  series  of  mica-schist,  granulite,  and  marble.  The 
first  two  are  from  homogeneous  areas  where  monoclinal  folds  are 
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Text-fig.  2. — (o),  {b),  and  (c),  /3-diagrams  for  mica-schist,  granulite,  and 
marble  series.  Circles  with  dots  are  w-poles. 

developed ;  the  third  is  from  an  area  of  irregularly  undulating  foliation 
which  appears  to  be  inhomogeneous.  The  north-south  trending  axis  is 
clearly  defined  in  Text-figs,  la  and  b,  whereas  Text-fig.  2f  suggests 
a  compromise  between  the  two  axes. 

Folds  of  the  two  contrasted  styles  occur  within  three  feet  of  one 
another  separated  by  the  zone  of  movement  (Plate  Ift).  Text-figure  3 
is  a  diagrammatic  representation  of  the  structures  visible  in  the  rocks 
on  either  side  of  the  zone  of  movement  (slide).  One  fold  of  each  style 
has  been  selected  for  fabric  analysis.  The  fold  in  the  quartzite  (axis  5,) 
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is  one  of  those  shown  in  Plate  la.  The  fold  in  the  mica-schist,  granulite, 
and  marble  series  is  the  large  fold  described  by  McIntyre  and  Turner 
(1953).  It  differs  from  those  shown  in  Plate  \b  only  in  its  size  and  in 
that  it  involves  marble.  The  kinematic  and  dynamic  interpretations 
of  phenomena  of  twinning  and  preferred  orientation  in  calcite  and 
dolomite,  made  possible  by  recent  experimental  work,  make  this  the 
obvious  choice. 


Text-fig.  3. — Relationship  of  planar  and  linear  structures  on  either  side 
of  the  slide  separating  the  quartzite  from  the  mica-schist,  granulite 
and  marble  series. 

5,  micaceous  laminae  and  layering  in  quartzite. 

St  axial-plane  foliation  of  micaceous  cores  in  quartzite. 

53  foliation  of  the  mica-schist,  granulite,  and  marble  series 
(separated  from  the  quartzite  by  the  slide). 

54  foliation  developed  in  micaceous  layer  along  zone  of  move¬ 
ment. 

T  trace  of  Ri-lineation. 

W,  west;  N,  north;  V,  vertical  downwards. 

Orientations  are  given  on  an  orthographic  projection  (lower 
hemisphere)  in  inset.  The  use  of  an  orthographic  net  in  con¬ 
structing  this  particular  block-diagram  is  discussed  elsewhere 
(McIntyre  and  Weiss,  1954). 
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II.  Fold  in  Quartzite 
{a)  Megascopic  Fabric 

Plate  la  shows  a  profile  of  a  recumbent  fold  in  the  quartzite  of 
Ord  Ban,  one  of  several  superimposed  folds  described  by  McIntyre. 
The  fold  is  defined  by  layers  of  quartz  grains  of  slightly  differing  size 
interspersed  with  micaceous  layers  (Si).  In  the  core  of  the  fold  the 
micaceous  layers  are  greatly  thickened  by  material  squeezed  from 
the  limbs,  and  are  impressed  with  a  foliation  (5*)  defined  by  a  preferred 
orientation  of  flakes  of  mica  parallel  to  the  axial-plane  of  the  fold. 
This  axial-plane  foliation  does  not  penetrate  into  the  layers  of  quartzite. 
The  axis  of  the  fold  plunges  at  6°  to  N.  348°,  and  is  paralleled  by  a 
marked  lineation  defined,  in  the  micaceous  layers  by  the  intersection  of 
Si  and  S2  and,  in  the  quartzose  layers  by  a  marked  alignment  and 
elongation  of  small  grains.  The  symmetry  of  the  structure  is  broadly 
monoclinic  on  the  scale  of  the  fold,  with  a  plane  of  symmetry  normal 
to  the  fold-axis.  The  lineation  is  in  B. 

(b)  Microscopic  Fabric 

Two  specimens  of  quartzite  have  been  selected  for  fabric  analysis; 
one  (0  -8)  is  from  a  limb  of  the  fold,  the  other  (0  -9)  is  from  the  hinge 
of  the  fold  where  5,  is  curved.  Plates  I  la  and  b  are  photomicrographs 
made  with  crossed  nicols  of  specimen  0  •  8  in  ac-  and  a6-section  respec¬ 
tively.  The  6c-section  is  exactly  similar  to  the  a6-section.  The  rock 
consists  of  a  mosaic  of  large,  minutely  interlocking  quartz  grains. 
Measurement  of  three  mutually  perpendicular  dimensions  shows  that 
there  is  no  tendency  for  the  grains  to  be  elongate  in  one  direction  more 
than  another.  The  ratios  of  apparent  grain  dimensions  in  thin  sections 
(specimen  0-8)  obtained  by  measuring  many  grains  are  a:  B:  c  —  1-4: 
1-4:  1-3.  The  average  mean  grain  dimension  is  2-5-3  mm. 

Each  of  the  large  quartz  grains  encloses  small  rounded  grains 
of  feldspar.  It  can  be  seen  from  Plates  lla  and  b  that,  whereas  in 
a/?-section  the  feldspar  grains  are  elongate  and  arranged  in  lines 
parallel  to  B  (true  also  of  the  ftc-section),  in  ac-section  they  pepper 
uniformly  the  large  quartz  grains  with  no  apparent  regularity.  The 
visible  lineation  in  the  quartzite  is  defined  by  this  arrangement  of  tiny 
grains  of  feldspar  which  are  undoubtedly  the  rolled  and  broken 
fragments  of  larger  grains  disrupted  during  a  phase  of  penetrative 
movement.  The  arrangement  of  the  fragments  in  lines  and  not  in 
planes  shows  that  the  movements  *  during  this  phase  consisted  mainly 
of  axial-flow  of  the  rock  mass  along  Bi. 

^  Movement  should  not  be  confused  with  transport.  Movement  may  be 
either  parallel  or  normal  to  B,  whereas,  in  a  fabric  with  monoclinic  symmetry, 
transport  is  always  normal  to  B.  For  a  discussion  of  these  terms  see  Weiss, 
1954a,  pp.  76-7. 
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The  fragments  of  feldspar  constitute  a  5-helicitic  structure, ‘  preserv¬ 
ing  in  their  arrangement  a  guide  to  the  orientation  of  the  movements 
during  the  main  phase  of  deformation  which  preceded  complete  post- 
kinematic  recrystallization  of  the  quartz.  The  large  quartz  grains  are 
unstrained  (apart  from  slight  undulose  extinction) ;  there  are  no  de¬ 
formation  lamellae  or  bands  to  indicate  incipient  penetrative  movement 
in  the  fabric. 

(i)  Orientation  Data. — The  preferred  orientation  of  quartz  has  been 
studied  in  four  thin  sections  from  specimen  0  •  8  and  three  from  specimen 
0-9.  The  point  diagrams  obtained  by  measuring  all  grains  in  each 
section  were  rotated  into  geographical  horizontal,  superimposed  and 
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Text-fig.  4. — (a)  396  [000I]-axes  of  quartz  measured  in  four  sections  cut 
from  specimen  0-8.  Contours:  1-3-5  per  cent  per  1  per  cent  area. 

(6)  312  [0001]-axes  of  quartz  measured  in  three  sections  cut  from 
specimen  0-9.  Contours:  1-3-5-7  per  cent  per  1  per  cent  area. 
Broken  lines  show  apparent  (OA:/)-girdles. 

contoured  to  produce  Text-figs.  4a  and  b.  The  patterns  of  preferred 
orientation  of  [0001]-axes  so  obtained  mutually  agree.  In  each  there 
is  a  strong  maximum  normal  to  Bi  spreading  into  two  complete  or 
nearly  complete  (OA:/)-girdles.  The  preferred  orientation  is  inde¬ 
pendent  of  Si  and  appears  to  be  homogeneous.  Unbending  of  the  fold 
would  destroy  this  homogeneity  and  not  establish  a  pre-existing  fabric ; 
this  style  of  fold  is  called  “  non-unrollable  ”  by  Sander  (1951). 

The  symmetry  of  the  diagrams  themselves  is  approximately  ortho- 

^  The  term  helicitic  structure  is  used  to  describe  an  arrangement  of  inclu¬ 
sions  which  defines  folded  ^-surfaces  relict  within  a  pqrphyroblast.  Such  an 
arrangement  is  a  general  case  denoting  a  pre-existing,  externally  rotated 
(folded)  5-surface.  We  suggest  that  this  structure  be  termed  R-helicitic. 
The  special  cases  are  arrangements  of  inclusions  in  planes  and  lines.  In 
the  former  the  radius  of  curvature  is  infinite,  in  the  latter  infinitesimal. 
These  arrangements  could  be  termed  S-helicitic  and  B-helicitic  respectively. 
The  structures  must,  of  course,  be  determined  in  three  dimensions. 
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rhombic,  although  the  insertion  of  the  trace  of  Si  imparts  to  them  a 
monoclinic  symmetry.  However,  the  diagrams  do  not  have  the  marked 
monoclinic  symmetry  of  ac-girdles  with  inclined  maxima  which  are  so 
often  a  feature  of  quartz-tectonites. 

(ii)  Preferred  Orientation  by  Recrystallization. — Study  of  the  fabric 
of  pure  quartz-rocks  which  have  been  heavily  deformed  suggests  that 
penetrative  movements  without  recrystallization  generally  leads  to  a 
complete  breakdown  of  an  initially  coarse-grained  rock  by  granula¬ 
tion.  The  present  experimental  evidence  suggests  that  quartz  cannot 
flow  plastically  in  the  manner  of  calcite  (Griggs  and  Bell,  1938). 
The  end-product  of  the  process  of  granulation  is  a  fine-grained  mosaic 
of  quartz  grains  surrounding  fragments  of  any  accessory  minerals 
present.  The  style  of  the  movement  responsible  for  the  granulation 
can  generally  be  determined  by  a  study  of  the  arrangement  of  the 
accessory  minerals.  In  some  examples  they  are  arranged  in  planes 
which  may  be  smeared  with  mica;  in  others,  such  as  the  Ord  Ban 
quartzite,  they  are  arranged  in  lines. 

Granulation  of  quartzites  occurs  when  the  rate  of  deformation 
greatly  exceeds  the  rate  of  crystallization.  The  process  may  be  followed, 
as  in  the  Ord  Ban  quartzite,  by  intense  postkinematic  crystallization. 
The  folding  and  lineation  of  the  Ord  Ban  quartzite  have  been  produced 
by  penetrative  movement  prior  to  recrystallization.  No  A.V.A.^  has 
been  made  because  the  rock  is  too  coarse-grained  for  an  analysis  of 
one  section  to  yield  significant  results.  But  the  partial  diagrams 
prepared  from  the  different  sections  in  each  specimen  are  strikingly 
similar,  indicating  an  overall  direction-homogeneity  of  orientation. 
In  this  and  other  features  it  resembles  closely  a  quartzite  described 
elsewhere  by  one  of  us  (Weiss,  1954a,  pp.  69-70,  fig.  46,  and  plate  viii). 
An  A.V.A.  made  of  this  rock  (of  finer  grain  than  the  Ord  Ban  quartzite) 
proved  that  the  orientation  of  quartz  was  direction-homogeneous. 
The  pattern  of  preferred  orientation,  which  was  the  same  as  that  of  the 
Ord  Ban  quartzite,  was  attributed  to  recrystallization  in  situ  under 
stress  without  penetrative  movement.  Similarly,  the  Ord  Ban  quartzite 
shows  no  evidence  of  penetrative  movement  subsequent  to  or  during 
crystallization. 

The  pattern  of  preferred  orientation  in  a  quartzite  which  has  been 
recrystallized  from  a  fine-grained  deformed  quartz-schist  or  mylonite 
to  form  an  unstrained,  interlocking  mosaic  of  quartz  grains  must  have 
been  produced  by  recrystallization  in  one  of  two  ways: — 

( I )  By  unselective  growth  of  seed  granules  formed  and  oriented  during 
the  phase  of  penetrative  movement.  The  pattern  so  produced 
will  reflect  exactly  the  preferred  orientation  of  the  granules; 

^  Achsenverteilungsanalysen.  See  Ramsauer,  1941,  and  Weiss,  1954a. 
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(2)  by  selective  growth  of  seed  granules  with  a  certain  preferred 
orientation  in  an  anisotropic  medium.  The  anisotropy  may 
be  one  of  either  fabric  or  stress. 

A  preferred  orientation  produced  in  any  one  of  these  ways  is  likely 
to  agree  in  symmetry  with  the  structures  produced  during  the  main 
phase  of  movement. 

(c)  Kinematic  History  of  the  Quartzite  forming  the  Fold 

A  quartzite,  almost  certainly  of  sedimentary  origin,  was  strongly 
folded  into  superposed  recumbent  folds  about  shallowly  plunging  axes. 
The  penetrative  movement  accompanying  the  folding  reduced  the 
quartz  to  a  fine-grained  condition,  probably  by  granulation,  and 
disrupted  grains  of  feldspar  which  were  also  present.  The  folding 
does  not  appear  to  have  been  either  flexural-slip  or  shear-folding. 
The  main  movement  in  the  rock  appears  to  have  been  elongation 
along  Bi  as  is  shown  by  the  “  streaming  ”  of  the  fragments  of  feldspar. 
There  is  no  evidence  that  the  foliation  Si  was  at  any  stage  a  plane  of 
marked  transport  or  slip  normal  to  Bi  on  the  scale  of  the  fold.  The 
style  of  the  folding  suggests  hindered  transport.  The  mass  of  quartzite 
forming  the  fold  has  been  shortened  normal  to  the  axial-plane,  slightly 
lengthened  parallel  to  the  axial-plane  and  normal  to  Bi,  and  greatly 
lengthened  parallel  to  Bi.  Although  all  folds  possess  monoclinic 
symmetry,  the  movements  which  produced  this  fold  could  have 
been  ideally  orthorhombic  (cf.  Weiss,  1954a,  pp.  40-4).  If  the  fold 
has  been  developed  from  a  horizontal  planar  structure,  then  there 
must  have  been  external  rotation  around  Bi  of  the  mass  as  a  whole. 
In  the  micaceous  layers,  which  have  been  squeezed  from  the  limbs 
into  the  core  of  the  fold  during  shortening  of  the  mass  normal  to  the 
axial-plane,  the  mica  flakes  have  come  to  lie  with  their  {001}  cleavages 
in  the  plane  containing  the  two  direction  of  elongation,  thereby 
producing  the  foliation  5*.  The  fold  is  not  a  shear-fold  since  St  does 
not  penetrate  the  quartzite  layers  as  a  visible  slip-plane.  The  last  phase 
in  the  history  of  the  rock  was  recrystallization  under  static  conditions. 

III.  Fold  in  Marble 
(a)  Megascopic  Fabric 

The  fold  which  affects  the  marble  is  shown  diagrammatically  in 
Text-fig.  5.  Compared  with  the  fold  previously  described,  it  has  a 
very  different  style  and  it  is  about  an  axis  which  plunges  10-12°  towards 
N.  282°.  When  referred  to  the  horizontal  plane,  the  fold  is  mono- 
clinal  with  one  vertical  and  one  horizontal  limb.  The  only  foliation 
visible  is  that  forming  the  fold  (Ss)  and  it  appears  to  be  sedimentary 
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bedding.  The  marble  shows  no  megascopic  lineation  (see  grain  dimen¬ 
sions  given  by  McIntyre  and  Turner,  1953,  p.  236). 

(b)  Microscopic  Fabric 

McIntyre  and  Turner  (1953,  pp.  236-9)  have  already  described 
phenomena  of  preferred  orientation  and  twinning  in  a  specimen  (0-3) 
collected  from  the  fold.  Three  more  specimens  (1,  2,  and  3)  were 
collected  from  positions  on  the  fold  shown  in  Text-fig.  5.  Specimen  1 
is  a  calcite-marble  with  layers  rich  in  calc- silicates  and  plagioclase. 
Flakes  of  brown  mica  are  oriented  with  {001}  parallel  to  S3.  Specimen 
2  is  also  a  calcite-marble  rich  in  calc-silicates,  but  no  plagioclase  or 


Text-fig.  5. — Profile  of  fold  in  mica-schist,  granulite,  and  marble  series. 
The  preferred  orientation  of  [0001]-axes  of  calcite  and  dolomite 
in  the  four  analysed  specimens  is  shown  in  the  superimposed 
diagrams.  Contours:  calcite,  1-3-4  per  cent  per  1  per  cent  area; 
dolomite,  1 -3-5-7  per  cent  per  1  per  cent  area,  (a)  Specimen  0*3, 
(6)  specimen  1,  (c)  specimen  2,  and  (d)  specimen  3. 

free  quartz  is  present.  Specimen  3  is  a  dolomite  rock  containing  no 
calcite.  Calc-silicates  are  abundant  and  S3  is  well  marked. 

All  the  specimens  appear  to  have  suffered  extensive  postkinematic 
crystallization,  for  there  is  complete  absence  of  either  granulation  or 
internally  rotated  deformation-structures  in  the  grains.  Specimens  1 
and  2  both  show  weak  twinning  on  {01 12} -lamellae  in  calcite.  In 
specimen  1,  twelve  out  of  100  grains  are  weakly  twinned;  and  in 
specimen  2,  twenty-one  out  of  100  grains.  The  grains  in  specimen  3 
(dolomite  rock)  generally  have  well  developed  lamellae  or  partings 
parallel  to  {0221}.  The  proportion  of  grains  with  only  one  set  of 
lamellae  is  much  higher  than  in  the  calcite-marbles.  Thirty  out  of 
fifty  show  optically  recognizable  twinning  on  {0221}.  Sometimes 
two  sets  of  twin  lamellae  occur  in  one  grain. 

(i)  Preferred  Orientation  of  [0001]. — Text-fig.  5  is  a  profile  of  the 
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fold  with  the  orientation  diagrams  for  [0001  ]-axes  in  the  three  specimens 
superimposed.  The  orientation  diagram  for  specimen  0  -  3  is  also  shown 
(McIntyre  and  Turner,  1953,  text-figs.  66  and  c).  In  all  diagrams, 
including  the  one  for  the  dolomite  rock,  there  is  a  maximum  concentra¬ 
tion  of  [(XX)l]-axes  near  the  pole  of  the  foliation  Such  a  preferred 
orientation  has  commonly  been  observed  in  marbles. 

The  preferred  orientation  of  [(XX)l]-axes  of  calcite  and  dolomite 
is  thus  inhomogeneous  with  respect  to  the  fold ;  in  other  words,  the 
fold  can  be  “unrolled”  (Sander,  1951),  to  produce  a  more  homo¬ 
geneous  preferred  orientation  which  may  have  existed  previously. 
This  constrasts  strongly  with  the  preferred  orientation  of  quartz 
in  the  fold  previously  described ;  unrolling  of  that  fold  will  not  restore 
a  homogeneous  preferred  orientation. 

The  symmetry  of  the  fold  is  markedly  monoclinic  and  the  fold-axis 
is  a  5-axis.  The  symmetry  of  the  diagrams  is  not  readily  determinable ; 
there  are  no  ac-girdles  of  [OOOlJ-axes,  and  there  is  no  marked  plane  of 
symmetry  in  the  diagrams  normal  to  the  fold-axis.  It  is  difficult 
to  say  whether  or  not  the  preferred  orientation  of  [(X)01]-axes  reflects 
the  symmetry  of  the  fold ;  it  is  not  likely  that  it  does  since  unrolling 
of  the  fold  produces  a  more  homogeneous  preferred  orientation.  It  is 
more  likely  that  the  preferred  orientation  of  [OOOlJ-axes  was  formed 
previously  to  and  independently  of  the  fold  (cf.  Weiss,  1954a,  1954b). 

(ii)  Phenomena  of  Twinning. — The  twinning  in  the  rock  has  been 
assumed  to  be  a  result  of  deformation  and  has  been  dynamically 
interpreted  in  the  manner  first  described  by  Turner  (1953).  Points 
of  compression  and  tension  most  favouring  the  twinning  observed 
on  {0lT2}-lamellae  in  the  calcite-marbles  and  on  {0221}  in  the 
dolomite  rock  have  been  constructed.  The  diagrams  so  prepared  for 
specimens  1,  2,  and  3  are  shown  rotated  into  geographical  horizontal 
in  Text-figs.  6a,  b,  and  c  respectively. 

The  most  pronounced  maxima  of  points  of  compression  and  tension 
are  given  by  specimen  3,  the  dolomite  rock.  This  is  probably  because 
the  stress  required  to  produce  twinning  in  dolomite  is  greater  than  that 
required  to  produce  twinning  in  calcite  (Turner,  Griggs,  et  al,  1954), 
and  only  lamellae  upon  which  the  maximum  resolved  shearing  stress 
is  very  high  would  twin  in  the  dolomite.  In  the  calcite-marble  (01 12}- 
planes  with  lower  maximum  resolved  shearing  stress  would  be  active 
twin-planes  under  the  same  applied  stress,  thereby  weakening  the 
pattern  of  preferred  orientation  of  stresses. 

In  general  the  points  of  compression  for  the  three  specimens  lie 
in  a  vertical  plane  striking  N.N.E.-S.S.W.  The  directions  of  applied 
stress  necessary  to  produce  the  twinning  would  thus  lie  roughly  in  the 
ac-plane  of  5*,  the  axis  of  the  fold,  which,  as  determined  in  the  field, 
plunges  10-12°  towards  N.  282°.  In  two  specimens  (Text -figs  66  and  c) 
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the  tension-axes  show  a  preferred  orientation  parallel  to  the  fold- 
axis  ;  in  the  remaining  specimen  (Text-fig.  6a)  they  tend  to  lie  in  the 
ac-plane  normal  to  the  compression  maximum.  The  orientation  of 
tension-axes  in  this  specimen  may  be  a  reflection  upon  its  position 
near  the  hinge  of  the  fold  (Text-fig.  5b).  At  such  a  point  the  tension  is 
more  likely  to  lie  in  the  ac-plane.  Specimen  0-3,  a  calcite-marble 


N 


Text-fig.  6. — Points  of  compression  (dots)  and  tension  (crosses)  constructed 
for  twin  lamellae  in  (a)  specimen  1,  (b)  specimen  2,  and  (c)  specimen 
3.  Great  circle  is  oc-plane  related  to  flj. 


described  by  McIntyre  and  Turner  (1953),  has  grains  characterized  by 
very  pronounced  twinning.  In  the  majority  of  grains  it  is  impossible  to 
distinguish  between  the  initial  and  the  twinned  lattice.  McIntyre 
and  Turner  concluded  that  many  of  the  grains  are  more  than  half- 
twinned  and  they  constructed  a  direction  of  compression  from  the 
maximum  concentration  of  [0001]-axes  in  apparently  untwinned 
grains.  This  direction  (43°  towards  N.  32°)  also  falls  near  the  ac-plane 
of  the  fabric.  The  preferred  orientation  of  compression-axes  in  the 
ac-plane  of  the  fabric  in  all  of  the  specimens  suggests  strongly  that  the 
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twinning  has  been  produced  during  the  folding  and  deformation 
about  Bi. 

It  is  interesting  to  note  that  in  the  vertical  limbs  of  the  fold  the 
effects  of  the  stresses  responsible  for  twinning  seem  to  have  been  greater 
than  in  the  horizontal  limb.  In  the  calcite-marble  (specimen  0-3)  it 
has  produced  almost  complete  twinning,  and  in  the  dolomite  rock 
(specimen  3)  it  has  produced  pronounced  twinning.  In  specimens  1 
and  2  from  the  horizontal  limb,  only  few  and  weak  twin-lamellae  occur 
in  the  calcite.  These  specimens  with  weak  twinning  give  additional 
evidence  that  the  preferred  orientation  of  [0001]-axes  may  antedate 
the  folding.  The  system  of  stresses  indicated  by  the  twinning  is  oriented 
in  the  deformation-plane  of  the  fabric  (according  to  Sander  the  sym¬ 
metry-plane  is  the  deformation-plane  in  a  fabric  with  monoclinic 
symmetry).  This  deformation-plane  is  related  to  the  movements  about 
Bt,  yet  it  shows  incipient  re-orientation  of  [0001]  in  the  twinned  grains 
to  form  a  vastly  different  pattern  to  the  one  present.  If  the  [0001] 
orientation  was  produced  by  the  movements  about  B2,  it  was  produced 
in  an  earlier  phase  by  stresses  of  greatly  different  orientation.  In 
specimen  0-3  (Text-fig.  5a)  the  [0001]-orientation  pattern  approaches 
the  form  of  an  ac-girdle  around  Bt.  This  orientation  supports  the 
suggestion  of  McIntyre  and  Turner  (1953,  pp.  238-9)  that  at  least  some 
of  the  [0001]-axes  in  this  rock  have  been  oriented  in  response  to 
movements  about  B^. 


IV.  Summary  and  Conclusions 

The  contrasted  features  of  the  two  styles  of  folding  described 
above  are  summarized  in  the  following  table : — 


Folding  about 

(1)  Superposed  recumbent  folds  . 


(2)  North-south  trend 

(3)  ^2  unfolded  .... 

(4)  No  evidence  for  folding  by 
flexural-slip. 

(5)  Strong  lineation  parallel  to  fold- 
axis. 

(6)  Non-unrollable  with  respect  to 
preferred  orientation  of  [0001]  in 
quartz. 

(7)  Found  only  in  quartzite  . 

(8)  Involved  mylonitization  and 
streaming  in  followed  by  recrystal¬ 
lization  of  quartz. 

(9)  Could  have  been  produced  by 
movements  with  orthorhombic  sym¬ 
metry. 


Folding  about  B^. 

Folds  with  one  horizontal  and  one 
vertical  limb,  the  axial-plane  dipping 
towards  the  north. 

East- west  trend. 

No  unfolded  S  found. 

Folding  by  flexural-slip. 

Lineation  weak  or  absent. 

Unrollable  with  respect  to  pre¬ 
ferred  orientation  of  [0001]  in 
calcite  and  dolomite. 

Found  in  mica-schist,  granulite, 
and  marble. 

No  evidence  for  mylonitization, 
streaming,  or  extensive  crystalliza¬ 
tion  after  folding  about  Bt. 

More  likely  to  have  been  produced 
by  movements  with  monoclinic  than 
orthorhombic  symmetry. 


■  'is.” 
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(a)  Relationship  of  the  Two  Styles  in  Space 

Folds  about  Bi  and  Bt  are  closely  associated  in  space,  separated  only 
by  a  thin  micaceous  layer  on  which  there  has  been  decollement  of 
the  overlying  beds  during  folding  about  B^  (see  Text-fig,  3).  Movement 
was  thus  concentrated  in  this  layer  which  separates  rocks  of  greatly 
differing  competence.  Concentration  of  movements  in  narrow 
zones  in  complexes  of  deformed  rock  is  a  common  phenomenon 
(Weiss,  1954a,  pp.  4-5).  The  kinematic  principles  underlying  the 
production  of  these  “  movement-horizons  ”  have  been  discussed  by 
Knopf  (1938,  pp.  33-5).  She  has  emphasized  that  “  The  smaller  the 
participating  elements  in  relation  to  a  whole  deformation  the  slower 
is  the  rate  of  differential  movement  necessary  to  produce  a  given  change 
in  shape  in  a  given  time  ”  (Knopf’s  italics).  Knopf  also  points  out, 
following  Sander,  that  if  movement  is  on  the  ionic  scale  (indirect 
componental  movement),  then  “  crystalloblastesis  may  predominate 
over  cataclasis  even  in  zones  of  intense  differential  movement. 

.  .  .  Microscopic  investigation  is  gradually  bringing  to  light  zones 
where  intense  differential  displacement  has  been  carried  by  elements 
that  are  so  small  in  comparison  with  the  size  of  the  whole  that  the 
deformation  is  essentially  continuous  and  the  tectonic  displacement 
large  ”. 

Displacement  along  a  movement-horizon  is  by  continuous  deforma¬ 
tion  involving  no  rupture.  The  small  thickness  of  rock,  relative  to  the 
whole  deformed  mass,  in  which  the  movements  are  concentrated  can 
in  no  way  be  thought  of  as  a  fault.  The  slides  described  by  Bailey  in 
the  Scottish  Highlands  (1910,  p.  593;  1909,  pp.  53-4)  appear  to  be 
movement-horizons  of  this  type.  Bailey  has  classified  slides  as  faults, 
thereby  implying  that  they  originate  by  fracture.  However,  in  a 
personal  communication,  he  agrees  that  the  term  slide  was  intended 
to  cover  movement-horizons  of  the  type  described  above. 

The  close  proximity  of  folds  about  Bi  and  with  no  axial-structures 
of  intermediate  trend  between,  suggests  that  the  two  axes  are  distinct. 
The  j3-diagram  (Text-fig.  2c)  prepared  from  an  area  of  the  mica- 
schist,  granulite,  and  marble  series  immediately  overlying  the  quartzite, 
and  showing  no  B-structures,  contains  a  diffuse  maximum  in  the  north¬ 
west  quadrant.  The  uniform  attitude  of  the  layers  involved  forbids 
precise  interpretation  of  the  maximum. 

(b)  Relationship  of  the  Two  Styles  in  Time 

Whereas  the  movements  about  Bj  are  intensely  penetrative  and 
homogeneous,  those  about  B^  are  hardly  penetrative  and  inhomo¬ 
geneous.  A  quartzite  with  fibrous  structure  is  likely  to  survive  slightly 
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penetrative  folding  around  Bi,  normal  to  the  fibrous  structure,  because, 
without  initial  planar  structures  tautozonal  about  the  axis  of  folding, 
flexural-slip  folding  is  an  impossibility.  On  the  other  hand  layers  of 
weakly  folded  marbles  and  mica-schists  are  unlikely  to  survive 
unaflected  the  intensely  penetrative  movement  responsible  for  the 
folding  of  the  quartzite  about  an  axis,  B^,  lying  subparallel  to  the 
layers. 

In  an  account  of  the  fabric  of  the  schists  of  the  “  Penmynydd 
Zone  ”  of  metamorphism,  Anglesey,  one  of  us  has  pointed  out  that 
“  isolated  intraformational  folds  sometimes  preserved  within  fine¬ 
grained  quartz-schists  .  .  .  suggest  that  in  localized  ‘  sheltered  ’ 
areas  .  .  .  earlier  planar  structures,  perhaps  bedding,  perhaps  folia¬ 
tion  produced  under  different  dynamic  conditions,  may  be  found 
preserved  ”  (Weiss,  1953,  pp.  109  and  115).  The  presence  in  the  folded 
quartzite  of  micaceous  cores,  with  unfolded  St,  suggests  that  the  uniform 
layering  of  the  mica-schist,  granulite,  and  marble  series  may  have  been 
produced  by  the  movements  which  formed  the  folds  about  fi,.  If 
this  is  so,  i.e.  if  =  St,  then  folding  of  Sj  about  any  axis  other  than 
Bi  must  have  occurred  later  than  the  formation  of  and  the  operation 
of  B,. 


(c)  Regional  Significance 

Systems  of  so-called  double-folding  have  been  postulated  for  several 
areas  in  the  Scottish  Highlands.  The  recognition  of  these  systems 
is  based  on  the  strike  of  foliation  (see  Phemister,  1948,  pp.  22-3), 
and  this  method  has  already  been  criticized  by  one  of  us  (McIntyre, 
1952).  Our  recognition  on  Ord  Ban  of  two  B-axes,  distinct  in  time,  is 
based  on  geometric  and  kinematic  analysis.  The  preservation  of  Bi 
in  the  quartzite  indicates  that  the  tectonic  history  of  the  associated 
mica-schist,  granulite,  and  marble  has  been  highly  complex.  Perhaps, 
elsewhere  in  the  Highlands,  apparently  simple  structures  in  micaceous 
rocks  may  conceal  complex  histories. 

On  Ord  Ban  neither  B,  nor  Bj  agrees  in  trend  with  what  appears 
to  be  the  regional  fold-axis  trending  north-west-south-east.  Many 
folds  on  the  east  side  of  the  hill  have  an  axis  which  trends  in  this 
direction,  and  have  some  of  the  characters  of  the  folds  about  both 
Bi  and  (e.g.  McIntyre,  1951,  Text-fig.  1).  A  study  of  these  folds  has 
not  been  included  in  our  investigation.  It  appears  to  us  that  previous 
work  has  shown  the  complexity  of  Highland  tectonics  to  be  so  great 
that  detailed  investigations  of  critical  areas  are  necessary  before  a 
tectonic  synthesis  will  be  possible.  The  present  study  is  intended  as  a 
contribution  to  our  knowledge  of  one  of  these  areas. 
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EXPLANATION  OF  PLATES  I  AND  II 
Plate  I. — (a)  Recumbent  fold  in  quartzite. 

(6)  Slide  separating  quartzite  below  from  mica-schist,  granulite, 
and  marble  series  above.  The  slide  is  covered  by  the  central  portion 
of  the  hammer-handle.  Monoclinal  folds  about  R*  can  be  seen 
in  the  schist  series;  the  quartzite  is  exposed  in  Rc-section  (axis 
of  folding,  Bi),  and  so  appears  to  be  unfolded. 

Plate  II. — (a)  Quartzite  in  ac-section  under  crossed  nicols.  The  layer  of 
small  quartz  ^ins  is  parallel  to  Si. 

(b)  Quartzite  in  a6-section  under  crossed  nicols.  The  lines  on  the 
photomicrographs  are  5  mm.  in  length. 


Geol.  Mag.,  1955. 


Plate  II. 


Quartzite  of  Ord  Ban. 
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The  Mode  of  Cladial  Generation  in  Cyrtograptus 

By  R,  Thorsteinsson  ‘ 

(PLATES  HI  AND  IV) 

Abstract 

The  morphology  of  Cyrtograptus  rigidus  Tullberg  n.  subsp.  A  is 
described  from  uncompressed  material.  Particular  attention  is 
directed  to  the  sequence  of  development  of  the  connecting  structure 
of  cladium  and  main  branch,  which  is  demonstrated  with  the  aid  of 
figured  growth  stages  of  cleared  and  uncleared  specimens.  Also 
discussed  is  the  intimate  relationship  of  relative  rate  of  growth  of 
characters  of  cladium  to  those  on  the  main  branch.  Cursory  study 
of  numerous  other  uncompressed  species  of  Cyrtograptus  in  the 
author’s  collection  reveals  that  the  principles  of  cladial  development 
outlined  here  are  of  general  application. 

Introduction 

Among  a  large  collection  of  mainly  uncompressed  graptolites 
made  by  the  author  on  Cornwallis  Island  in  the  Canadian 
Arctic  Archipelago,  are  approximately  seventeen  species  and  sub¬ 
species  of  the  genus  Cyrtograptus.  In  the  Cyrtograptid  material, 
which  numbers  several  hundred  specimens,  all  but  two  species  are 
represented  by  uncompressed  forms.  These  include  several  new 
species  and  subspecies,  but  also  occurring  are  such  well-known 
European  forms  as  Cyrtograptus  murchisoni  Carruthers,  Cyrtograptus 
perneri  Boucek,  and  Cyrtograptus  hamatus  (Baily).  Notice  of  this  fauna 
has  been  given  by  Thorsteinsson  and  Fortier  (1954,  p.  11). 

The  mode  of  cladial  generation  in  Cyrtograptus  has  long  been  one 
of  the  most  interesting  and,  because  of  inadequate  material,  at  the  same 
time  one  of  the  least  understood  morphological  developments  in 
graptolites.  Therefore,  while  the  Cornwallis  Island  graptolites  are 
at  present  under  study  for  monographic  treatment,  it  is  considered 
appropriate  that  some  advance  notice  be  given  of  cladial  generation. 
Accordingly,  one  species,  Cyrtograptus  rigidus  Tullberg  n.  subsp.  A 
has  been  selected  for  study. 

Elies  and  Wood  (1913,  p.  504),  in  their  generic  description  of  Cyrto¬ 
graptus,  discuss  the  relationship  of  cladia  to  the  main  branch  as 
follows :  “  As  a  general  rule  the  appearance  presented  is  that  each 
so-called  ‘  branch  ’  originates  either  directly  or  laterally  from  the 
apertural  region,  or  aperture,  of  certain  thecae.  Each  ‘  branch  ’  is 
usually  initiated  by  a  small  sac-like  or  vesicle-like  structure,  through 
which  the  ‘  branch  ’  eventually  appears  to  break  its  way  (see  fig.  351 
a-c) ;  and  the  presence  of  this  initial  ‘  sac  ’  gives  an  appearance  of 
unusual  length  to  the  first  ‘  theca  ’  of  each  ‘  branch 

‘  Published  by  permission  of  the  Deputy  Minister,  Department  of  Mines 
and  Technical  Surveys,  Ottawa,  Canada. 
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For  this  initial  sac-like  expansion  of  the  cladium,  Elies  and  Wood 
proposed  the  term  “  saccoid  ”  (p.  505). 

While  the  British  workers  had  only  compressed  material  at  their 
disposal,  MUnch  (1938),  was  able  to  free  fragments  of  three  Cyrto- 
graptids  from  limestone  erratic  boulders.  These  were  unusual  forms, 
as  admitted  by  Miinch  himself  when  he  provisionally  classified  these 
as  Barrandeograptids.  Certainly  their  thecal  characters  alone  suggest 
that  they  belong  to  a  group  of  Cyrtograpids  probably  not  directly 
related  to  the  bulk  of  Upper  Llandovery  and  Wenlock  species  of  Cyrto- 
graptus  or  to  Barrandeograptus. 

Unfortunately,  Munch's  material  did  not  respond  to  clearing  tech¬ 
niques,  nor  were  developmental  stages  of  the  cladia  generally  present. 
Nevertheless,  he  concluded,  from  his  study,  that  first  order  cladia 
originated  as  prolongations  of,  and  intimately  connected  with,  the 
mother  theca,  while  cladia  of  the  second  order  developed  by  branching 
of  the  protheca  (see  Bulman,  1951,  p.  318). 

These  studies  of  the  relation  of  cladia  to  parent  theca  by  Elies 
and  Wood  and  Miinch  remain,  up  to  the  present,  the  only  definitive 
information  on  this  subject. 

In  the  material  at  hand  the  choice  of  the  most  suitable  form  for 
study  has  been  a  difficult  one.  The  majority  of  Cyrtograptids  possess 
an  unusually  thick  outer  cortical  layer  round  the  juncture  of  cladium 
and  mother  theca — the  critical  region  of  study.  Considerable  lag 
between  the  deposition  of  the  inner  and  outer  cortical  layers  (apparently 
through  a  process  of  very  gradual  accretion)  generally  follows  the  laying 
down  of  the  fusellar  layer  at  the  growing  end  of  graptolite  rhabdosomes 
(Text-fig.  lA).  Here  growth  striae  may  be  traced  with  comparative 
ease,  even  in  unmacerated  specimens. 

In  contrast,  the  growing  edges  of  initial  cladial  structures  are  char¬ 
acterized  by  unusually  thick  outer  cortical  layers  extending  up  to  the 
youngest  one  or  two  chitinoid  strips.  In  this  region,  therefore,  it  is 
impossible  to  trace  growth  striae.  As  usual  when  treating  specimens 
possessing  thick  cortical  layers,  attempts  to  produce  transparent 
mounts  by  clearing  with  potassium  chlorate  and  nitric  acid  met  with 
little  success  in  all  forms  except  Cyrtograptus  rigidus  n.  subsp.  A.  This 
form  is  represented  by  extremely  abundant  material  and  possesses  the 
thinnest  outer  cortical  layer  in  the  region  of  juncture  of  cladium  and 
mother  theca  of  all  Cyrtograptid  species  in  this  assemblage.  Even  so 
this  layer  is  sufficiently  thick  in  the  majority  of  specimens  to  make 
maceration  ineffective.  Fortunately,  it  was  possible  by  treating  over  a 
hundred  specimens  to  render  a  few — apparently  those  possessing  an 
abnormally  thin  outer  cortical  layer — sufficiently  transparent  for  the 
sequence  of  cladial  development  to  be  worked  out  in  considerable 
detail,  although  certain  points  in  the  development  still  remain  obscure. 
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Because  of  the  intimate  relation  between  development  of  the  cladium 
and  the  main  branch,  the  entire  rhabdosome  of  Cyrtograptus  rigidus  n. 
subsp.  A  is  described  as  completely  as  the  material  allows. 

All  the  specimens  figured  in  this  paper  are  in  the  collections  of  the 
Geological  Survey  of  Canada. 
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Text-hg.  1. — Early  growth-stages  of  Cyrtograptus  rigidus  n.  subsp.  A,  shown 
in  reverse  aspect  and  full  lateral  view.  A,  unmacerated  specimen  of 
particular  interest  in  showing  the  following  characters:  area  of 
rhabdosome  first  covered  by  deposition  of  exterior  cortical  layer; 
thecal  spines  not  yet  developed  on  th  1 ;  and  th  2,  though  sli^tly 
damaged,  is  virtually  complete  before  th  3  commences  development. 
B,  Macerated  specimen ;  prosicula  and  growing  end  of  rhabdosome 
slightly  damaged.  G.S.C.  11371  and  11367. 
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Description 
Thecal  Types 

The  thecae  are  biform,  and  many  of  the  characters  of  the  two  thecal 
types  are  well  shown  in  the  drawings  (PI.  Ill  and  text-figs.  1  and  2). 

The  proximal  18  (±  1)  thecae  on  the  main  branch  and  3  (±  1) 
on  the  cladium  are  of  the  primary  thecal  type  (PI.  Ill,  fig.  3).  They 
are  of  a  character  typical  of  the  primary  thecae  in  the  great  majority 
of  Cyrtograptids.  These  thecae  are  conspicuously  hooked,  without 
interthecal  septum  and  bearing  two,  in  part  ventrally  directed,  lateral 
spines  (varying  from  barely  visible  to  0*2  mm.  in  length)  between 
which  a  medial  ventral  lip  overhangs  and  partly  covers  the  aperture. 
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The  spines  and  medial  lip  are  most  conspicuous  on  the  more  proximal 
thecae,  and  are  somewhat  reduced  and,  in  some  specimens,  absent  in 
distal  thecae  of  this  type;  in  other  specimens,  these  structures,  much 
reduced,  may  persist  on  the  first  few  transitional  thecae  of  the 
secondary  type. 

With  the  exception  of  the  transitional  thecae — arbitrarily  included 
as  the  proximal  thecae  of  the  secondary  thecal  type — those  of  the  stable 
secondary  type  (see  fig.  2,  PI.  Ill)  are  straight-walled,  except  for  a 
slight  reflexure  in  the  ventral  wall  near  the  aperture.  The  apertures 
are  directed  ventrally  and  slightly  proximally.  Each  theca  is  provided 
with  a  medial  cleft  at  the  distal  extremity  of  the  aperture  that  is  directed 
at  right  angles  to  the  thecal  axis  and  extends  dorsally  to  the  ventral 
wall  of  the  posterior  subadjacent  thecae.  Here,  interthecal  septa  are 
well  developed. 

The  transitional  thecae  include  9  (±  1)  thecae  on  the  main  branch 
(PI.  HI,  fig.  4)  and  cladium  (PI.  Ill,  fig.  1).  This  transition  between 
thecae  of  radically  differing  structural  types  involves  the  following 
gradational  modifications  effected  concomitantly:  (1)  decrease  in  the 
inclination  of  the  thecal  to  rhabdosomal  axis;  (2)  acquisition  of  a 
very  short  interthecal  septum  which  gradually  lengthens ;  (3)  reduction 
of  the  strongly  reflexed  ventral  portion  of  the  thecae  proper,  accom¬ 
panied  by  loss  of  whatever  traces  may  remain  of  lateral  spines  and 
medial  ventral  lip.  In  place  of  the  latter,  a  medial  distal  cleft  develops. 

Text-fig.  2A  illustrates  a  macerated  fragment  bearing  three  distal 
transitional  thecae  with  the  growing  end  of  the  rhabdosome  intact. 
Since  it  is  a  fragment  it  is  not  possible  to  determine  whether  tnese 
thecae  are  from  a  cladium  or  main  branch.  Two  characters  are  here 
worthy  of  note.  The  distal  theca  shows  a  reversal  to  a  form  more  typical 
of  proximal  thecae  in  the  transitional  series — a  fairly  common  feature 
in  transitional  thecae.  Unlike  the  thecal  construction  of  many  Mono- 
graptids,  where  the  interthecal  septum  is  partly  formed  by  the  dorsal 
wall  of  the  preceding  theca,  the  interthecal  septum  is  here  formed 
by  the  ventral  wall  of  the  succeeding  theca.  Thus,  while  a  theca  of  the 
proximal  type  is  virtually  complete  before  commencement  of  develop¬ 
ment  of  the  succeeding  theca  (Text-fig.  lA),  secondary  thecae  that 
possess  interthecal  septa  are  but  partially  constructed  until  the 
succeeding  theca  has  developed  to  the  point  of  furnishing  the  former 
with  a  septum. 

Thecal  Relations  on  Main  Branch  and  Cladium 

The  first  indication  of  cladial  development,  involving  growth  of 
extraneous  structures  on  th  9  (±  1)  (described  under  the  heading 
cladial  development),  takes  place  as  th  13  (±  1)  has  developed.  It 
is  not  until  the  growth  of  th  16  (±  1)  on  the  main  branch  that  the 
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first  thecal  segment  of  the  cladium  is  completed.  Text-fig.  2B  illustrates 
a  specimen  in  which  five  thecae  have  developed  posteriorly  to  the 
mother  theca  possessing  an  incomplete  first  cladial  theca.  In  other 
words,  the  cladium  does  not  commence  development  until  four  (±1) 
thecae  grow  distally  to  the  predestined  mother  theca  and  an  additional 
three  (±  1)  thecae  grow  on  the  main  branch  during  the  growth  of  the 
first  thecal  segment  of  the  cladium.  Moreover,  the  first  theca  of  the 
cladium  is  of  the  same  thecal  type  (therefore,  of  the  same  size  and  con¬ 
formation)  as  the  theca  developed  on  the  main  branch  (i.e.  th  16  ±  1) 
during  its  completion  of  growth.  With  completion  of  its  growth, 
both  main  branch  and  cladium  appear  to  add  thecae  at  a  uniform  rate, 
theca  for  theca.  Distally  to  both  thecae  in  question,  thecal  modifica¬ 
tions  generally  take  place  in  unison,  with  the  result  that  at  any  one 
time  thecae  of  the  same  size  and  conformation  are  developing  at  the 
distal  extremity  of  the  main  branch  and  cladium.  It  is  not  known  if 
this  applies  to  mature  specimens  since  none  were  observed  with  both 
growing  ends  intact. 

Variability  of  Thecal  Characters 

Specimens  are  occasionally  met  with  which  deviate  from  the  above- 
mentioned  mean  by  one  theca.  Thus  a  specimen  on  which  th  9  is  the 
mother  theca,  may  commence  cladial  development  when  twelve  or 
even  fourteen  thecae  have  developed  on  the  main  branch.  This  same 
variation  of  one  theca  more  or  less  likewise  applies  to  the  few  specimens 
that  develop  the  cladium  on  th  8  or  10;  and  a  specimen  that  com¬ 
mences  development  of  the  cladium  on  th  8  does  so  after  twelve  (±  1) 
thecae  have  developed  on  the  main  branch  and  its  first  thecal  segment 
is  completed  during  the  development  of  th  15  (i  1)  on  the  main 
branch. 

Similar  variation  is  found  in  the  position  on  the  main  branch  of  the 
thecal  type,  but  here  another  variable  factor  is  involved.  Because  of 
the  gradational  nature  of  the  transitional  thecae,  it  is  difficult  indeed, 
in  many  specimens,  to  determine  exactly  on  which  theca  transition 
begins  and  ends.  Nevertheless,  it  has  been  fairly  surely  established 
that  here  also  specimens  may  deviate  from  the  mean  by  one  theca 
more  or  less  in  the  same  manner  as  in  other  variations  described  above. 

Cladial  Development 

The  first  developmental  stage  in  cladial  generation  found  in  material 
of  the  species  herein  described  is  one  in  which  the  obverse  lateral  spine 
of  the  mother  theca — th  9  ( t  1)  on  the  main  branch  which  up  till 
now  has  the  appearance  of  an  ordinary  theca — has  lengthened  beyond 
the  normal  to  form  the  incipient  virgula  of  the  cladium.  At  the  same 
time  a  minute  crescent-shaped  flange  (initial  flange.  Text-fig.  2C-Ci) 
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built  of  crescentric  layers  of  chitinoid  strips  appears  on  the  dorsal 
obverse  side  of  the  thecal  aperture.  This  flange  is  based  along  a  line 
of  which  one  end  is  directed  towards  the  lengthened  thecal  spine 
(now  a  virgula),  the  other  somewhat  diagonally  across  the  ventral  wall 
of  the  thecal  segment.  Growth-striae  observed  in  Text-fig.  3A-Ai 
show  that  subsequent  growth  causes  the  ventral  ends  of  the  chitinoid 
strips  (and  therefore  the  flange  itself)  to  terminate  against  the  virgula. 


C  Cl  GS.C 

Text-fig.  2. — Cyrtograptus  rigidus  n.  subsp.  A.  A,  transitional  thecae, 
macerated  and  shown  in  reverse  aspect,  mdc,  medial  distal  cleft. 
B,  Main  branch  in  reverse  view  and  unmacerated,  showing  5  thecae 
developed  distal  to  mother  theca  on  which  the  first  cladial  theca  is 
partially  developed.  C,  mother  theca  and  another  theca  immedi¬ 
ately  distal  to  it  in  reverse  view,  unmacerated.  C^,  same  specimen 
in  scalariform  view,  rls,  reverse  lateral  spine;  ols,  obverse  lateral 
spine;  v,  virgula;  if,  initial  flange.  G.S.C.  11367,  11359,  and 
11358. 

There  is  no  apparent  demarcation  between  that  which  was  formerly 
thecal  spine  and  its  extension  as  the  virgula  of  the  cladium  under 
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development.  So  far  as  can  be  determined,  the  two  form  one  structure, 
very  probably  secreted  by  the  same  processes  and  possibly  by  the  same 
zooid. 

In  certain  other  Cyrtograptus  in  the  author’s  collection,  lengthening 
of  the  obverse  thecal  spine  on  the  mother  theca  is  the  first  stage  in 
cladial  generation,  followed  by  growth  of  the  initial  flange.  This 
sequence  probably  also  holds  true  for  Cyrtograptus  rigidus  n.  subsp.  A, 
although  such  a  stage  has  not  been  observed  in  the  material  at  hand. 

Normally,  thecal  spines  of  primary  thecal  types  are  directed  ventrally 
and  outwards.  This  is  also  the  case  with  the  obverse  spine  of  the  mother 
theca  before  commencement  of  cladial  generation.  Once  this  spine 
begins  to  lengthen  into  the  virgula  of  the  cladium  it  changes  (apparently 
bends)  from  its  normal  direction  (compare  the  obverse  spines  on  the  two 
thecae  in  Text-fig.  2Ci)  to  conform  more  fully,  but  generally  not 
entirely,  with  the  final  directional  relationship  of  the  cladium  to  the 
main  branch. 

The  proximal  region  of  the  cladium,  before  reversed  curvature 
becomes  noticeable,  is  directed  at  right  angles  to  the  curvature  of 
the  main  branch  at  the  mother  theca.  Moreover,  the  cladium  and  main 
branch,  excluding  the  helicoidally-curved  proximal  portion  of  the  latter, 
lie  in  parallel  planes  differing  in  height  by  a  little  more  than  the  breadth 
of  a  mature  theca.  Apparently,  this  was  the  living  directional  relation¬ 
ship  of  cladium  and  main  branch.  Specimens  in  which  the  initial 
bending  of  the  spine  did  not  complete  the  directly  obverse  direction 
of  the  cladium  to  the  mother  theca  attain  this  relationship  by  gentle 
convex  curvature  of  the  proximal  two  or  three  thecae  on  the  cladium 
(Text-fig.  3D). 

The  next  stage  in  cladial  generation  involves  the  laying  down  of 
chitinoid  strips  at  two  other  points  at  the  aperture  of  the  mother  theca. 
The  early  sequence  of  this  stage  is  traced  from  the  growth  striae 
observed  in  Text-fig.  3A-Ai.  Chitinoid  strips  fill  in  the  irregularity 
between  the  obverse  side  of  the  medial  ventral  lip  and  the  virgula.  Each 
strip  is  so  directed  that  one  end  terminates  against  the  virgula,  the 
other  against  the  lip.  (Since  in  all  specimens  examined  that  showed 
this  stage  of  cladial  development,  the  obverse  end  of  the  youngest  chiti¬ 
noid  strips  at  this  locality  terminate  at  the  same  point  on  the  virgula 
as  those  of  the  initial  flange,  it  is  reasonable  to  assume  that  growth 
in  this  region  did  not  commence  until  the  chitinoid  strips  of  the  initial 
flange  reached  the  virgula.)  At  one  side  of  the  aperture,  chitinoid 
strips  abut  against  the  reverse  side  of  the  medial  ventral  lip  and, 
after  bending  dorsally,  terminate  at  the  other  end  along  a  line  parallel 
for  a  distance  to  the  reverse  side  of  the  aperture.  When  both  these 
initial  irregularities  have  built  up  to  the  level  where  chitinoid  strips 
meet  along  the  proximal  margin  of  the  medial  central  lip,  long  strips 
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commence  to  be  laid  down  continuously  along  a  margin  that  previously 
included  these  two  centres  of  growth  to  produce  a  proximally  directed 
ventral  hood  over  the  aperture  of  the  mother  theca.  With  increasing 
growth  the  base  of  this  ventral  hood  extends  in  a  straight  line  beyond 
the  reverse  margin  of  the  aperture  of  the  mother  theca  and,  like  the 
initial  flange,  becomes  directed  somewhat  diagonally  across  the  ventral 
wall  of  the  thecal  segment. 

With  development  of  the  ventral  hood  the  reverse  thecal  spine  is  cut 
off  from  its  normal  position  on  the  edge  of  the  aperture.  In  the  majority 
of  specimens  this  is  now  a  much  reduced  structure  (apparently  resorbed), 
often  merely  represented  by  a  short  blunt  protuberance  (Text-fig. 
3A-B).  In  a  few  specimens  it  is  only  partly  reduced  (Text-fig.  3C)  or 
of  normal  length  (Text-fig.  4C). 

Concurrently  with  the  growth-stages  described  above,  but  becoming 
more  pronounced  with  increasing  growth,  the  region  of  both  the  ventral 
hood  and  initial  flange  nearest  the  virgula  begin  to  fold  ventrally  and 
dorsally  respectively  (Text-fig.  3B-Bi)  as  if  conforming  to  some 
cylindrical-shaped  object  lying  along  the  virgula.  Complementary  to, 
and  on  the  reverse  side  of  these  folds,  two  other  folds  develop,  directed 
dorsally  and  ventrally  respectively,  and  therefore  towards  each  other. 
Of  the  two  pairs  of  folds  the  latter  is  the  least  accentuated  in  this 
region,  as  the  ventral  hood  and  initial  flange  are  at  all  times  during 
growth  directed  more  or  less  toward  each  other.  The  ventral  hood 
and  initial  flange,  upon  attaining  the  proximity  of  a  few  tenths  of  a 
millimetre,  ankylose  along  the  latter  folds.  (Probably  the  structure 
formed  at  this  instant  represents  the  “  saccoid  ”  described  by  Elies 
and  Wood,  1913,  p.  505.)  Three  foramina,  two  reversely  and  one 
obversely  situated,  are  formed  at  ankylosis.  One  of  the  reverse  foramina 
constitutes  the  newly-formed  position  of  the  aperture  of  the  mother 
theca;  the  other,  lying  within  the  mother  theca,  constitutes  the  con¬ 
nection  of  the  common  canal  of  the  cladium  with  that  of  the  main 
branch  via  the  mother  theca.  The  obverse  foramen  forms  the  growing 


Text-fig.  3. — Cyrtograptus  rigidus  n.  subsp.  A.  A,  mother  theca,  macerated 
and  in  scalariform  view,  showing  comparatively  advanced  stage  in 
development  of  ventral  hood  and  dorsal  flange.  A^,  same  specimen, 
ventral  view,  vh,  ventral  hood;  v,  virgula;  if,  initial  flange.  B, 
mother  theca,  macerated  and  in  scalariform  view  showing  late 
stage  in  development  of  ventral  hood  and  initial  flange  (abbrevia¬ 
tions  as  above).  B^,  same  specimen  ventral  view.  C,  mother  theca 
(reverse  view)  and  partially  developed  first  thecal  segment  of  cladium ; 
macerated ;  growing  end  of  cladium  partially  destroyed  and  initial 
flange  partly  broken  away  from  ventral  hood  along  region  of 
ankylosis,  vh,  ventral  hood.  D,  first  and  second  thecal  segments  of 
cladium;  macerated  and  in  reverse  view.  G.S.C.  11363,  11364, 
11360,  and  11370. 


end  of  the  first  theca  of  the  cladium.  The  surface  of  this  foramen  at  the 
instant  of  ankylosis  makes  an  angle  to  the  virgula  somewhat  less  than 
that  which  the  plane  of  the  growing  foramen  normally  forms  at  the  ends 
of  either  branch  in  this  species.  Nor  is  this  newly-formed  foramen  truly 
plane,  for  there  is  a  sharp  re-entrant  in  the  vicinity  of  ankylosis. 
Growth  by  the  addition  of  chitinoid  half-rings  in  the  normal  manner  of 
rhabdosomal  structure  is  therefore  impossible. 
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In  no  case  has  it  been  possible,  through  the  clearing  technique,  to 
reveal  clearly  growth  striae  or  structure  in  the  region  of  ankylosis, 
nor  has  it  been  possible  to  discern  the  zigzag  suture  of  the  first  few, 
apparently  irregularly  disposed,  strips  at  the  first  cladial  thecal  segment. 
Presumably  the  deposition  of  outer  cortical  layer  attains  maximum 
thickness  at  this  locality  and  possibly  effected  ankylosis  unaided  by 
chitinoid  strips.  However,  in  a  few  specimens  (Text-figs.  3C-D, 
4A-B)  maceration  has  been  sufficiently  successful  to  reveal  that  the 
chitinoid  half-rings,  instead  of  making  contact  with  the  virgula  in 
the  normal  fashion  of  rhabdosomal  construction,  terminate  on  one 
side  against  the  free  edge  (and  therefore  last-formed  chitinoid  strip) 
of  the  ventral  hood  and  on  the  other  side  against  the  free  edge  (and 
therefore  the  last-formed  chitinoid  strip)  of  the  initial  flange.  In  this 
way  the  re-entrant  is  filled-in  and  thereafter  complete  chitinoid  half¬ 
rings,  extending  to  the  virgula,  begin  to  be  laid  down  in  normal 
rhabdosomal  fashion. 

Text-fig.  4A  illustrates  growth  striae  on  a  somewhat  unusually  long 
protheca  of  a  first  theca  on  a  cladium.  Here  irregular  chitinoid  strips 
and  wedges  alternate  with  complete  half-rings  and  continue  for  a 
considerable  distance  distally  to  the  level  of  the  ventral  hood  and  initial 
flange.  The  protheca  of  the  first  theca  of  the  cladium  shows  much  size 
and  shape  variation  in  this  species  and  the  few  specimens  that  have 
been  rendered  sufficiently  translucent  to  show  growth-striae  suggest 
that  this  variability  is  also  manifest  in  abnormal  size,  shape,  and  dis¬ 
position  of  growth  layers  in  this  region. 

The  zigzag  suture  is  abnormal  in  position  where  it  is  first  discernible 
in  the  proximal  region  of  the  first  thecal  segment  of  the  cladium,  in 
that  it  lies  obversely  as  compared  to  its  normal  ventral  position.  The 
early  position  of  the  virgula  is  likewise  abnormal.  Before  half  the 
length  of  the  first  thecal  segment  has  developed,  the  zigzag  suture 
and  virgula  assume  normal  ventral  and  dorsal  positions  respectively. 
This  change  is  effected  by  a  progressive  shift  to  a  ventral  position  by  the 
suture  of  the  chitinoid  half-rings  and  wedges,  which  thus  appear  to 
“  migrate  ”  over  the  virgula.  The  latter  also  changes  its  direction  of 
growth,  apparently  bending  so  as  to  come  to  lie  in  a  dorsal  position 
(Text-fig.  4B). 

In  the  majority  of  specimens  there  is  no  further  addition  to  the 
aperture  of  the  mother  theca  as  it  has  developed  up  to  this  point, 
extended  somewhat  proximally  and  lying  at  right-angles  to  the  internal 
foramen  of  the  common  canal  of  the  cladium.  However,  in  a  few 
specimens  varying  additions  to  the  aperture  have  been  observed.  Text- 
fig.  4C  shows  additional  growth  in  the  form  of  a  hemispherical  tube 
based  along  the  ventral  edge  of  the  mother  theca  which  extends  the 
aperture  of  the  latter  considerably  in  a  proximal  and  dorsal  direction. 
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Text-fig.  4. — Cyrtograptus  rigidus  n.  subsp.  A.  A,  mother  theca  and  some¬ 
what  unusually  long  first  thecal  segment  of  cladium;  macerated 
and  in  partial  ventral  view ;  growing  end  of  cladium  dama^^.  B, 
mother  theca  and  partially  developed  first  thecal  segment  of  cladium ; 
mother  theca  in  scalariform  view ;  severely  damaged  during  macera¬ 
tion.  vh,  ventral  hood ;  v,  virgula ;  if,  initial  flange ;  tr,  thickened 
apertural  rim  of  mother  theca.  C,  mother  theca  and  partially 
developed  first  thecal  segment  of  cladium;  unmacerated  but  still 
showing  traces  of  outer  edges  of  ventral  hood  and  initial  flange. 
The  cladium  is  abnormally  directed  in  a  ventral  direction — probably 
a  preservational  feature.  (For  abbreviations,  see  above.)  D, 
Abnormal  cladial  development  on  mother  theca  seen  in  scalariform 
view.  This  specimen  has  only  partly  responded  to  maceration  which 
has  severely  damaged  the  growing  end  of  the  cladium.  mvl,  trace  of 
medial  ventral  lip;  ols,  obverse  lateral  spine;  v,  virgula.  G.S.C. 
11366,  11369,  11365,  and  11368. 
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On  the  other  hand,  Text-fig.  4D  shows  only  a  few  broad,  chitinoid  half- 
rings  added  to  the  aperture  of  the  mother  theca,  the  zigzag  suture  of 
which  lies  opposite  the  reverse  side  of  the  ankylosis. 

Text-fig.  4D  illustrates  an  aberrant  mother  theca  in  which  the  cladium 
did  not  take  origin  from  the  obverse  thecal  spine  but  developed  as  an 
independent  structure.  Unfortunately,  maceration  has  accomplished 
little  to  render  growth  striae  transparent,  by  which  the  cladial  develop¬ 
ment  of  this  aberrancy  might  have  been  made  clear.  About  all  that 
can  be  ascertained  is  that  the  virgula  of  the  cladium  originates  as  a  thin 
fibre  near,  but  not  on,  the  obverse  side  of  the  thickened  rim  of  the 
aperture  of  the  mother  theca. 

Other  Cyrtograptus  Species 

Cursory  examination  of  other  members  in  the  many  Cyrtograptus 
species  in  the  writer’s  collection  has  revealed  that  the  principles 
of  cladial  generation  derived  from  the  study  of  Cyrtograptus  rigidus 
n.  subsp.  A  are,  in  general,  applicable  to  all.  Among  several  points 
of  minor  detail  in  differences  and  similarity  a  few  may  be  considered 
worthy  of  note  at  this  time. 

All  Cyrtograptus  in  this  collection  possess  bi-form  or  tri-form 
thecal  types  of  which  the  primary  type  (with  one  exception)  are  of  one 
and  the  same  structure  as  that  described  in  Cyrtograptus  rigidus 
n.  subsp.  A.  Without  exception,  at  least  the  first  cladium  (occasionally 
all  first-order  cladia  in  multiramous  forms)  is  generated  from  a  spined 
theca  and  through  more  or  less  the  same  developmental  stages  as  those 
described  here.  All  cladia  higher  than  first  order  and,  in  certain 
multiramous  forms,  all  cladia  developed  after  the  first  cladium,  are 
generated  from  thecae  that  normally  do  not  bear  thecal  spines  (thecae 
of  secondary  and  tertiary  types).  In  these  forms  the  virgula,  the  first 
structure  to  appear  in  cladial  development,  takes  origin  as  a  somewhat 
broad-based  spine  at  the  obverse  side  of  the  thickened  thecal  rim.  As 
yet,  subsequent  developmental  stages  have  not  been  made  out.  How¬ 
ever,  the  resulting  cladial  connection  to  the  parent  branch  appears  to 
be  much  the  same  structure  as  that  described  here  in  that  a  hood-like 
structure,  forming  an  intimate  part  of  the  cladium,  grows  over  the 
aperture  of  the  mother  theca.  The  general  character  of  this  type  of 
cladium  is  well  shown  in  fig.  5  (PI.  III).  Here  a  portion  of  the  hood¬ 
like  structure  in  Cyrtograptus  rigidus  n.  subsp.  B  has  been  dissected 
away  to  reveal  the  place  of  origin  of  the  cladial  virgula  in  the  single 
second-order  cladium. 

In  certain  species  that  generate  cladia  from  non-spinose  thecae,  the 
mother  thecae  may  indifferently  retain  access  to  the  exterior  via  a 
modified  aperture  or  may  completely  seal  over. 

While  all  the  Cyrtograptids,  with  one  exception,  possess  primary 
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thecal  types  of  the  same  structural  type,  thecae  of  secondary  or  tertiary 
thecal  types  differ  considerably  in  different  species.  In  any  particular 
species  the  thecal  type  and  relative  rate  of  growth  of  a  cladium  and  main 
branch  is  invariably  intimately  related.  The  first  theca  of  any  cladium 
is  of  the  same  thecal  type  as  the  theca  developed  at  the  same  time  on 
the  main  branch ;  distally  thecae  are  added  to  both  branches  at  a  more 
or  less  constant  rate  and  theca  for  theca.  Variation  in  these  relations, 
as  in  the  case  in  Cyrtograptus  rigidus  n.  subsp.  A  is  of  a  minor  nature. 

Examination  of  this  assemblage  of  Cyrtograptus  species  has  revealed 
no  indication,  as  suggested  by  Elies  and  Wood  (1914,  p.  505),  Boucek 
(1933,  p.  18)  and  Munch  (1938,  pp.  65-6),  that  a  cladium,  once 
developed,  may  break  loose  from  its  parent  branch  and  assume  an 
independent  existence. 
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EXPLANATION  OF  PLATE  III 

Fig.  I. — Cyrtograptus  rigidus  n.  subsp.  A.  Proximal  portion  of  cladium 
attached  to  broken  part  of  mother  theca ;  in  reverse  view.  G.S.C. 
No.  11381.  X  6-5  approx. 

Fig.  2. — Cyrtograptus  rigidus  n.  subsp.  A.  Distal  portion  of  main  branch  or 
cladium;  in  reverse  view.  G.S.C.  No.  11361.  x  6-5  approx. 
Fig.  3. — Cyrtograptus  rigidus  n.  subsp.  A.  Main  branch  and  first  theca  of 
cladium ;  sharp  flexure  between  th  1  and  2  and  in  the  first  cladial 
segment  are  preservational  features;  depicted  partly  in  reverse 
and  partly  in  ventral  view.  G.S.C.  No.  11372.  x  6*5  approx. 
Fig.  4. — Cyrtograptus  rigidus  n.  subsp.  A.  Portion  of  main  branch  immedi¬ 
ately  distal  to  mother  theca ;  depicted  partly  in  reverse  and  partly 
in  ventral  view.  G.S.C.  No.  11383.  x  6-5  approx. 

Fig.  5. — Cyrtograptus  rigidus  n.  subsp.  B.  First  thecal  segment  of  cladium  of 
second  order  and  3  thecae  of  first  order  cladium  seen  in  partial 
ventral  view.  G.S.C.  No.  11357.  x  6-5  approx. 

EXPLANATION  OF  PLATE  IV 

Fig.  1. — Reconstructed  drawing  of  rhabdosome  of  Cyrtograptus  rigidus  n. 
subsp.  A,  made  by  piecing  together  several  camera  lucida  drawings 
of  actual  sp^imens ;  in  full  lateral  view ;  slight  reversed  curva¬ 
ture  of  cladium  not  shown ;  reverse  side  of  main  branch  obverse 
side  of  cladium.  Mature  specimens  of  this  Cyrtograptid  attained 
considerably  greater  lengths  than  that  shown  here,  x  4*5  approx. 
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The  Ages  of  the  Hippopotamus  and  Elephas  maximus 
Fossils  in  the  Gem  Sand  of  Ceylon 

By  P.  E.  P.  Deraniyagala 
Abstract 

The  extinct  Ratnapura  fauna  of  Ceylon  is  a  radiation  from  the 
Indian  Shivalik.  In  it  occur  a  hexaprotodont  hippopotamus  and 
a  race  of  Elephas  maximus  which  is  the  most  recent  member  of  the 
Proboscidea.  Since  such  an  association  is  unknown  elsewhere, 
it  has  given  rise  to  many  explanatory  theories.  A  uranium  test 
of  associated  fossils  of  both  animals  now  establishes  that  this  has 
resulted  from  redeposition  and  that  the  animals  were  not  contem¬ 
poraneous.  This  makes  less  vague  the  hitherto  conjectural  views 
regarding  the  earth  movements,  and  the  ages  of  the  gem  deposits 
and  of  the  early  human  lithic  artefacts  in  them. 

The  first  vertebrate  fossils  discovered  in  Ceylon  comprising  a 
hippopotamus,  with  proboscidean  and  bovine  remains,  were 
recorded  eighteen  years  ago  (Deraniyagala,  1936).  Since  then  other 
species  such  as  terrapins,  a  crocodile,  two  rhinoceroses,  a  pig,  lion, 
porcupine,  and  other  bovines,  have  been  added  to  the  extinct  “  Ratna¬ 
pura  fauna  ”  which  occurs  in  the  gem  sand  of  the  “  Ratnapura  series  ” 
(Deraniyagala,  1944  to  1951).  The  fact  that  in  India  the  most  southern 
limit  of  Shivalik  fossils  is  the  Godavari  River  and  that  they  then  recur 
in  Ceylon  is  of  much  interest,  and  the  disappearance  of  such  deposits 
from  the  southern  two-thirds  of  peninsular  India  needs  explanation. 
The  Ceylon  fossils  only  occur  in  the  gem  sand,  which  is  6  inches  to 
3  feet  thick  and  lies  at  from  10  to  40  feet  beneath  the  surface  in  the 
swamps  of  the  strike  valleys  of  the  Ratnapura  district.  In  the  gem  sand 
are  water-worn  gem  stones,  pebbles,  and  boulders,  as  well  as  human 
artefacts  of  the  Ratnapura  culture  consisting  of  choppers  of  an 
Abbevillean  facies,  usually  manufactured  from  pebbles,  cores,  and  thick 
flakes  of  chert,  rock  crystal,  and  quartz  which  retain  much  of  their 
original  external  crust.  Ceylon’s  fossil  faunal  assemblage  presents  a 
unique  association  of  primitive  hippopotamus  together  with  Elephas 
maximus,  the  most  recent  of  the  Proboscidea.  The  latter  fossils  belong 
to  an  extinct  race  which  was  smaller  than  the  existing  Ceylon  elephant, 
possessed  a  wider  and  shallower  mandibular  spout  and  with  most 
of  the  males  carrying  tusks,  whereas  in  the  living  race  Elephas  maximus 
maximus  Linne,  only  7  per  cent  of  the  males  are  tuskers. 

Since  in  the  Shivaliks  of  India  this  elephant  only  occurs  in  Recent 
beds  that  are  separated  from  those  containing  hippopotamus  by  a 
thickness  of  over  10,(XX)  feet,  various  theories  have  been  propounded 
during  the  last  eighteen  years  which  attempt  to  explain  their  association 
in  Ceylon.  The  three  main  views  are  (1)  redeposition,  (2)  after  becoming 
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extinct  upon  the  mainland  the  hippopotamus  persisted  in  Ceylon 
until  the  advent  of  Elephas  ntaximus,  (3)  Elephas  maximus  is  of  much 
older  origin  than  hitherto  suspected,  and  is  as  old  as  the  hippopotamus 
which  dates  to  the  beginning  of  the  Pleistocene. 

With  a  view  to  solving  this  problem  the  writer  secured  associated 
fossils  of  both  animals  from  the  same  gem  pit  and  dispatched  them  to 
Dr.  Kenneth  Oakley  at  the  British  Museum  with  the  request  that  he 
should  conduct  a  fluorine  test.  Dr.  Oakley  referred  the  specimens  to 
Mr.  S.  H.  U.  Bowie  of  the  Atomic  Energy  Division  of  the  Geological 
Survey  of  Great  Britain  who  reported  on  their  uranium  strength 
as  follows: — 

Radioactivity 

in  net  counts  e  UjOg 

per  minute.  per  cent. 

Hippopotamus  tooth 

Surface  (enamel)  .  .  6' 30  ±  0-40  0-002 

Section  .  .  2-18  ±  0-30 

Elephas  maximus  tooth 

Surface  (enamel)  ,  0-80  ±  0-32  0-0002 

Section  ....  0-40  ±  0-32 

Mr.  Bowie's  results  indicate  that  the  specimens  of  Elephas  ntaximus 
sinhaleyus  Deraniyagala,  are  much  younger  than  those  of  the  hippo¬ 
potamus  Hexaprotodon  sinhaleyus  Deraniyagala,  and  that  the  Ceylon 
gem  sands  are  the  result  of  redeposition.  The  two  thigh  bones  and 
numerous  teeth,  all  from  different  individuals,  that  are  in  the  British 
Museum,  Colombo,  and  Ratnapura  National  Museums,  support  the 
view  that  Hexaprotodon  sinhaleyus  is  allied  to  the  species  from  the 
Nerbudda  lake  deposits  of  India  (Hooijer,  1950),  and  since  the  latter 
is  of  Middle  Pleistocene  age,  Elephas  maximus  sinhaleyus  cannot  be 
older  than  the  Upper  Pleistocene.  Stone  implements  are  unknown 
from  Indian  beds  containing  hippopotamus  fossils  and  consequently 
it  is  possible  that  early  “  Ratnapura  man  ”  only  appeared  after  the 
extinction  of  Hexaprotodon  sinhaleyus. 

It  may  be  noted  that  the  rubies  and  sapphires  of  Ceylon  are  free 
of  the  pegmatite  matrix  whereas  in  other  countries  such  as  Burma 
they  still  occur  embedded  in  it ;  consequently  the  release  of  the  Ceylon 
gem  stones  could  not  be  of  great  antiquity.  The  presence  of  hippo¬ 
potamus  remains  in  Burmese  mines  where  the  rubies  are  still  embedded 
in  pegmatite  indicates  that  in  Ceylon  this  animal  had  become  extinct 
prior  to  the  disintegration  of  this  rock. 

The  dating  of  the  human  artefacts  in  the  Ceylon  gem  sands  has  now 
become  more  complicated  than  before.  In  India,  stone  implements 
occur  only  in  beds  younger  than  those  containing  hippopotamus 
fossils,  and  it  is  possible  that  similar  conditions  prevailed  in  the 
original  beds  of  the  Ratnapura  series. 
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Lineations  in  Three  Artificial  Tectonites 

By  W.  O.  Williamson 
Abstract 

Deformation  of  plastic  kaolinite-illite  clay  caused  alignment 
of  authigenic  prisms  of  rutile  and  tourmaline  on  surfaces  produced 
by  parallelism  of  the  basal  pinacoids  of  the  clay-minerals.  An 
a-lineation  appeared  in  the  outer  layers  of  an  extruded  cylinder 
but  a  6-lineation  in  those  of  a  cylinder  formed  by  rolling.  A 
^-lineation  occurred  at  the  periphery  of  a  circular  disc  made  by 
spreading.  Localized  tensional  failures,  cognate  with  ac  joints, 
accompanied  the  6-llneations  which  were  in  directions  of  elonga¬ 
tion.  The  orienting  movements  were  thought  to  occur  in  the  water- 
films  separating  the  clay-flakes,  but  the  mechanisms  which  produce 
a-  and  A-lineations  are  presumably  identical.  Thus  it  can  be  argued 
that  the  a-lineation  also  follows  a  direction  of  elongation. 

Introduction 

The  type  of  lineation  studied  was  that  made  evident  by  the  tendency 
for  elongated  particles  to  become  aligned.  These  particles  were 
the  authigenic  prisms  of  rutile  and  tourmaline  in  a  certain  clay.  Earlier 
publications  described  how  this  clay  was  rendered  plastic  and  then 
deformed  to  produce  one  of  the  following:  {a)  cylinders  made  by 
extrusion;  {b)  cylinders  made  by  rotational  rolling;  (c)  circular 
discs  made  by  spreading  (Weymouth  and  Williamson,  1953; 
Williamson,  1954;  idem,\9Al).  Each  of  the  specimens  (a)-(c)  exhibited 
a  lineation  of  which  the  direction  was  obvious  on  casual  inspection 
with  the  microscope.  This  fact  was  mentioned  only  incidentally, 
although  it  was  made  clear  that  the  direction  could  be  consistently 
recognized  even  when  the  orientation  of  the  section  with  reference  to 
the  relevant  specimen  had  been  concealed  from  the  observer 
(Williamson,  1954).  The  present  communication  records  numerical 
data  which  amplify  the  earlier  brief  accounts  and,  by  noting  the 
analogies  with  naturally  deformed  rocks,  classifies  the  lineations  as 
following  a  or  b. 

The  lineations  lie  on  surfaces  caused  by  the  parallel  arrangement 
of  the  basal  pinacoids  of  the  associated  clay-minerals;  these,  which 
have  been  termed  (001)  surfaces,  are  artificially  formed  .s-surfaces. 
For  details  of  such  planar  structures  the  earlier  papers  may  be  consulted 
(op.  cit.). 

Methods 

The  English  “  blue  ball  clay  ”  used  was  dominantly  kaolinitic 
but  contained  20-30  per  cent  of  illite  and  some  fine-grained  quartz. 
It  had  ca.  75  per  cent  of  particles  below  one  micron  in  equivalent 
spherical  diameter.  This  clay  was  dispersed  mechanically  in  water, 
passed  through  a  B.S.  52  mesh,  made  plastic  by  filtration,  subjected 
to  the  appropriate  deformation-process,  and  then  dried. 
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Deformation  produced  oriented  aggregates  in  which  the  basal 
pinacoids  of  the  flaky  clay-mineral  crystals  tended  to  lie  on  parallel 
(001)  or  j-surfaces.  This  planar  structure  persisted  in  the  dried  specimen 
where  it  was  studied  by  stripping  pyroxylin-backed  films  from  appro¬ 
priate  sections  and  examining  them  with  the  polarizing  microscope. 
The  validity  of  the  results  so  obtained  has  already  been  shown,  for 
example,  by  the  use  of  X-ray  diffraction  methods  (cf.  Williamson, 
1954). 

In  the  present  investigation  it  was  necessary  to  demonstrate  quantita¬ 
tively  that  lineations  existed  on  the  5-surfaces.  The  summation  of 
angular  measurements  made  on  all  the  prismatic  crystals  encountered 


Text-ho.  1. — Method  of  assessing  lineations.  The  known  direction  of 
lineation  is  arranged  parallel  to  A  B  and  a  traverse  made  in  the 
direction  of  the  arrow.  The  angles  between  AB  and  all  prisms 
lying  completely  within  the  rectangular  strip  of  breadth  AB  are 
measured.  Thus  certain  prisms  (lightly  drawn)  lying  at  small 
angles  to  AB  are  rejected  in  favour  of  those  (heavily  drawn)  making 
large  angles  therewith.  Diagrammatic. 

led  to  gross  errors  if  the  traverse  were  merely  along  a  line  and  not  along 
a  strip.  Thus  fallacious  evidence  of  lineation  was  obtainable  because 
such  a  line  was  more  likely  to  intersect  the  traces  of  prisms  which  were 
at  large  rather  than  small  angles  to  it.  The  method  finally  adopted  was 
to  measure  the  angles  between  a  fiducial  line  AB  and  the  first  500 
prisms  encountered  along  a  rectangular  strip  of  which  the  length  was 
perpendicular  to  A B  (Text-fig.  1).  This  strip  was  0  048  mm.  wide 
and  the  total  distance  traversed  along  it  did  not  exceed  2-7  mm. 
The  average  length  of  the  prisms  was  0  004  mm.,  determined  on  200 
randomly  selected  samples.  Isolated  prisms  may  be  longer  than  the 
width  of  the  strip  (Weymouth  and  Williamson,  1953,  p.  98),  but 
none  was  encountered  along  traverses. 
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Angular  measurements  were  made  only  on  those  prisms  of  which 
the  traces  were  completely  within  the  breadth  AB  of  the  strip.  AB  had 
already  been  arranged  parallel  to  the  direction  of  lineation  which,  as 
mentioned  earlier,  was  observable  without  recourse  to  quantitative 
measurement.  Thus,  near  the  points  A  and  B,  prisms  that  made  small 
angles  with  the  fiducial  line  tended  to  be  rejected  in  favour  of  those 
making  large  angles  therewith  (Text-fig.  1).  The  resulting  systematic 
error  is  unfavourable  to  the  expected  result,  i.e.  to  the  finding  of  a 
majority  of  prisms  making  small  angles  with  AB  the  direction  of 
lineation. 

During  a  traverse  only  prisms  with  clean  edges  were  selected.  More¬ 
over,  twinned  or  other  associations  were  ignored.  At  least  99  per  cent 
of  the  prisms  were  rutile;  tourmaline  was  rare.  The  methods  of 
summing  and  plotting  the  arbitrarily  selected  total  of  5(X)  measure¬ 
ments  are  apparent  in  the  diagrams  (Text-figs.  2-4). 

Results 

(a)  Extruded  Cylinders. — For  the  preparation  of  these  a  hollow 
brass  cylinder  was  filled  with  circular  discs  of  clay  prepared  by  casting. 
These  discs  had  a  depositional  fabric  in  which  (001)  was  parallel  to 
their  faces.  Thus  the  reservoir  could  be  filled  with  a  cylindrical  compact 
of  discs,  coaxial  with  it,  in  which  the  (001)  surfaces  tended  to  be 
perpendicular  to  the  common  axis.  The  prisms  of  rutile  and  tourmaline 
were  largely  arranged  on  these  surfaces  but  without  consistent  mutual 
alignment.  The  forward  movement  of  a  piston  extruded  the  clay- 
cylinder  through  a  circular  die  to  give  a  second  cylinder  narrower  than 
but  coaxial  with  the  first;  the  reduction  in  diameter  was  from  12-5 
to  6*5  mm. 

One  result  of  this  deformation  was  the  rotation  of  the  (001)  surfaces 
through  angles  ranging  from  zero  along  the  axis  of  the  extruded 
cylinder  to  90  degrees  at  its  exterior  (Weymouth  and  Williamson, 
1953,  fig.  3). 

In  the  present  study  only  the  (001)  or  5-surfaces  at  the  exterior, 
i.e.  where  they  were  parallel  to  the  axis,  were  considered.  The  lineation 
on  them  was  the  most  pronounced  of  the  three  examples  investigated 
(Text-figs.  2-4);  it  followed  the  axis  of  the  cylinder  which,  in  this 
vicinity,  had  been  the  final  direction  of  laminar  slip  of  the  clay-flakes. 

The  (001)  surfaces  originally  present  in  the  reservoir  of  the  extruder 
suffered  bending  which  resulted  in  flexural  slip.  The  fabric  so  produced 
was  that  of  an  artificial  R-tectonite  which  resembled  the  type  III6 
listed  by  Turner  (Turner,  1948,  p.  200;  compare  also  Turner  and 
Verhoogen,  1951,  fig.  88a,  and  Weymouth  and  Williamson,  1953, 
plate  i,  fig.  1).  The  direction  of  laminar  slip  a  is  also  the  direction  of 
lineation;  similar  a-lineations  result  from  the  formation  of  slicken- 
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sides  or  the  laminar  flow  of  igneous  magmas  (Turner,  1948,  pp.  181, 
201,  313). 

The  present  example  resembles  most  closely  the  a-lineations  which 
occur  in  the  outer  layers  of  the  columns  of  ceramic  “  bodies  ”  extruded 
from  pugmills ;  these  lineations  are  marked  not  only  by  the  alignment 
of  prismatic  grains  but  by  the  tendency  to  mutual  parallelism  of  the 
maximum  dimensions  of  the  surfaces  of  the  flattened  fragments  of 
ground  quartz,  feldspar,  etc.,  which  are  present  in  such  compositions ; 
these  flattened  fragments  are  arranged  preferentially  with  their  greatest 
cross-sectional  areas  on  5-surfaces  parallel  to  the  exteriors  of  the 
columns  (Williamson,  1941,  fig.  8). 

Jannettaz  (1884)  produced  a  comparable  lineation  by  compressing 
clay  at  its  original  water-content ;  the  clay  was  allowed  to  escape  in  a 
single  direction  at  right  angles  to  the  pressure  and  showed  a  lineation 
megascopically  visible  as  a  thread-like  pattern  in  the  direction  of  flow. 
The  associated  micro-structures  were  not  recorded. 

{b)  Cylinders  made  by  Rotational  Rolling. — These  cylinders  developed 
from  a  clay-sphere  which  was  rolled  discontinuously,  in  one  direction, 
by  the  relative  movement  of  two  parallel  glass  plates.  A  specimen 
rolled  in  this  manner  showed  progressive  changes  in  shape  that  were, 
in  their  correct  sequence — sphere  to  cylinder  with  convex  ends  to 
cylinder  with  concave  ends  to  tube.  The  initial  sphere  had  been 
formed  by  plastic  deformation  but  the  ((X)l)  surfaces  within  it  were 
without  consistent  arrangement,  except  in  a  very  shallow  external  zone 
where  they  followed  the  curved  surface.  However,  rolling  caused  them 
to  become  progressively  re-oriented  parallel  to  the  axis  of  the  developing 
cylinder.  There  was  no  gradual  re-orientation  throughout  the  mass  of 
the  clay,  but  rather  the  production  of  a  zone  of  5-surfaces  that  appeared 
first  at  the  outside  of  the  cylinder  and  subsequently  deepened  until 
even  the  axial  regions  were  affected. 

The  lineations  studied  were  on  the  5-surfaces  of  the  outer  layers  of 
(1)  a  cylinder  which  had  just  developed  concavities  at  its  ends;  (2) 
a  tube.  The  ends  of  both  specimens  were  avoided,  for  near  them  the 
lineation  changed  in  direction  because  of  a  local  torque  (Williamson, 
1954).  Text-figs.  2b  and  2c  show  that,  away  from  the  ends,  the  lineation 
is  parallel  to  the  axis  of  the  cylinder  or  tube. 

Each  specimen  was  an  artificial  /{-tectonite  in  which  important 
differential  rotation  had  occurred  about  the  axis;  this  rotation  was 
demonstrable  by  the  production  of  artificial  helicitic  structures  (ibid.). 
The  direction  of  tectonic  transport  a,  in  the  5-surfaces  of  the  outer 
layers  of  the  specimen,  may  be  regarded  as  tangential  to  the  curved 
surface.  The  lineation  is  perpendicular  to  a  and  follows  b,  which  is 
parallel  to  the  axis  of  the  cylinder  or  tube.  This  axis  is  the  direction 
of  elongation  and  evidence  of  tension  along  it  has  been  recorded.  Such 
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evidence  includes  the  appearance  of  minute  cracks  in  the  curved 
surface  of  the  specimen,  at  right  angles  to  its  axis  ;  the  cracks  are  ac 
joints.  Further,  circles  of  coloured  clay,  let  into  the  surface,  became 
ellipses  with  their  major  axes  parallel  to  this  axis  (Williamson,  1954). 


Text-hg.  2. — Histogram  showing  percentage  orientation  of  500  prisms  in 
the  outer  layers  of  (a)  cylinder  formed  by  extrusion;  (6)  cylinder 
formed  by  rolling;  (c)  tube  formed  by  rolling.  AB  is  parallel 
to  the  axis  of  the  cylinder  or  tube. 


The  fact  that  a  tube  is  formed  by  the  continued  rolling  of  a  cylinder 
is  another  suggestion  of  the  persistence  of  tensions  operating  in  the 
general  direction  of  b,  but  the  mechanics  of  this  process  are  still 
under  investigation. 

(c)  Discs  made  by  Spreading. — Such  a  disc  was  formed  from  a  ball 
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of  clay  made  by  plastic  deformation;  in  this  the  (001)  surfaces  showed 
no  consistent  orientation,  except  in  a  very  shallow  external  zone  where 
they  were  parallel  to  the  outside  of  the  ball.  The  ball,  ca.  100  gm.  in 
weight,  was  dropped  on  to  a  flat  surface.  The  resulting  solid,  which  had 
one  flat  face,  was  dropped  again  but  with  the  flat  face  uppermost. 
A  second  face  developed  parallel  to  the  first.  The  specimen  was  then 


Text-hg.  3. — Histogram  showing  percentage  orientation  of  500  prisms  in 
each  of  three  areas  at  the  pteriphery  of  a  circular  disc  made  by 
spreading.  The  letters  a,  b,  and  c  have  the  significance  explained 
in  the  text.  A  Bis  tangential  to  the  circular  edge  of  the  disc. 

allowed  to  fall  repeatedly,  with  alternate  faces  downwards,  until  it 
became  a  disc,  ca.  3  inches  in  diameter  and  ca.  0-3-0 -4  inches  thick. 
This  deformation  caused  a  re-orientation  which  produced  j-surfaces 
approximately  parallel  to  the  two  faces  of  the  disc.  Further,  a  lineation 
developed  on  these  i’-surfaces  in  a  wide  band  which  followed  the 
periphery  of  the  disc  (cf.  Williamson,  1947,  fig.  2).  The  lineation 
in  three  separate  areas,  parallel  to  and  about  2  mm.  from  one  face 
of  the  disc,  was  investigated.  Traverses  were  made  along  (a)  a  single 
radius  towards  but  not  attaining  the  periphery;  {b)  a  closely  spaced 
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series  of  ten  radii,  separated  from  the  last  by  ca.  3  mm.  measured 
along  the  periphery  of  disc,  again  not  attaining  this  periphery;  (r) 
a  single  radius  diametrically  opposite  to  (a)  but  beginning  at  the 
periphery.  The  results  are  summarized  in  Text-figs.  3  and  4.  The  pris¬ 
matic  crystals  are  aligned  about  tangents  to  the  circular  periphery 
of  the  disc,  but  alt  three  determinations  (aMf”)  show  that  they  appear 
to  concentrate  at  10-20°  to  these  tangents  rather  than  at  still  smaller 
angles ;  this  is  well  seen  in  Text-fig.  4.  There  are  two  explanations  of 
Text-figs.  3-4.  The  first  assumes  that  the  distribution  of  the  prisms 
is  only  apparent.  The  traverse  was  actually  made,  not  along  a  radius, 
but  along  a  strip  parallel  to  a  radius.  Thus  the  actual  “  lineation  ” 
was  not  strictly  a  line  parallel  to  AB  of  Text-fig.  1,  but  a  flat  curve 


B 


A 


Text-ho.  4. — The  histogram  of  Text-fig.  3c  extended  to  show  the  orientation 
of  prisms  on  the  two  sides  of  A  B  the  tangent  to  the  circular  edge  of 
the  disc. 

parallel  to  the  periphery  of  the  disc.  That  the  observed  distribution 
could  arise  in  this  way  is  theoretically  demonstrable,  but  it  can  be 
argued  that  a  strip  very  much  wider  than  the  one  actually  used  would 
be  required  to  make  it  appear;  the  width  of  the  strip  was  only 
0  048  mm.,  while  the  distance  around  the  periphery  of  the  disc  was 
ca.  220  mm.  The  second  and  more  probable  explanation  assumes  that 
the  observed  distribution  is  real  and  suggests  that,  if  further  spreading 
of  the  disc  occurred,  the  prisms  would  eventually  concentrate  at 
0-10°  to  /I (Text-fig.  1).  This  possibility  was  not  investigated  because 
the  results  already  obtained  sufficed  to  show  that  the  lineation  was 
tangential  rather  than  radial. 

The  formation  of  a  disc  from  a  sphere  represents  an  elongation 
of  the  mass  along  an  infinite  number  of  co-planar  radii ;  it  has  been 
described  earlier  as  occurring  by  the  progressive  flattening  of  “  books  ” 
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of  clay-flakes,  by  slip  along  the  basal  pinacoids,  until  these  pinacoids 
lie  on  5-surfaces  which  are  substantially  parallel  to  the  two  faces  of 
disc  (Williamson,  1947,  p.  650).  At  any  point  in  the  peripheral  zone 
here  studied  the  radius  may  be  called  a ;  thus  the  tangential  lineation 
is  along  b. 

Sutures  were  noted  on  the  curved  rim  of  the  disc,  to  which  they 
were  usually  confined.  These  were  produced  by  failure  of  the  surface 
in  tension  and  are  cognate  with  ac  joints  (Williamson,  1947,  fig.  2). 
Their  formation  by  tension  along  b  was  confirmed  by  cutting  radial 
slits  in  the  edge  of  the  disc  and  then  continuing  the  process  of  deforma¬ 
tion.  The  slits  became  V-notches  which  pointed  towards  the  centre 
of  the  specimen  (Weymouth  and  Williamson,  1953,  p.  101). 

The  Mechanism  of  Orientation 

The  clay  consisted  of  kaolinite  and  illite ;  crystals  of  these  minerals 
cannot  accommodate  layers  of  water  internally.  The  deformation 
that  caused  the  linear  arrangement  of  the  prisms  of  rutile  and  tourmaline 
occurred  in  clay  which  contained  relatively  large  percentages  of  water, 
sometimes  almost  sufficient  to  make  the  clay  sticky.  In  such  circum¬ 
stances  the  clay  behaves  like  an  assemblage  of  separate  flakes 
surrounded  by  water-films.  Thus  drying-shrinkage  ceases,  rather 
abruptly,  while  the  clay  is  still  markedly  hydrous.  This  is  understand¬ 
able  if  the  clay-flakes  were  originally  separated  by  water-films  that 
became  progressively  thinner  during  desiccation,  until  the  flakes  were 
in  virtual  contact  as  a  meshwork  with  residual  water  in  its  pores.  Such 
a  conception  of  the  structure  of  plastic  clay  readily  explains  also  the 
differential  drying-shrinkage  which  is  related  to  demonstrable  arrange¬ 
ments  of  parallel  planar  particles  (Williamson,  1947,  1948). 

Other  structures  have  been  postulated  for  plastic  clay;  in  these 
the  particles  are  considered  to  be  in  virtual  contact  even  when  the 
percentage  of  water  is  relatively  high  (cf.  Skempton,  1953;  Skempton 
and  Northey,  1952).  Such  hypotheses  may  be  valid  for  clay  in  particular 
conditions,  e.g.  in  its  undisturbed  natural  state,  but  do  not  appear 
capable  of  explaining  the  properties  that  clay  shows  in  circumstances 
like  those  of  the  present  experiments. 

Thus  the  orienting  movements  which  arranged  the  basal  pinacoids  of 
the  clay-flakes  on  5-surfaces  are  not  slips  along  glide-planes  in  crystals 
but  occur  rather  in  the  interstitial  water-films  (Weymouth  and 


Text-fig.  5. — Diagrammatic  summary  of  the  arrangements  of  5-surfaces, 
lineations,  and  ac  joints  (sutures  in  the  clay-surface)  in  the  three 
types  of  artificial  tectonite;  a  and  b  axes  marked;  (o)  cylinder 
extruded  in  the  direction  of  arrow;  (6)  cylinder  rolled  in  the 
direction  of  arrow;  (c)  circular  disc  made  by  spreading;  here  the 
V-notch  was  originally  a  slit  (see  text). 
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Williamson,  1953,  p.  104).  This  invites  speculation  as  to  the  mechanism 
by  which  prisms  of  rutile  and  tourmaline  become  aligned  during  such 
movements.  Thus  it  could  be  postulated  that  movements  are  trans¬ 
mitted  to  the  prisms  via  relatively  rigid  adsorbed  films  of  water  which 
exist,  not  only  on  the  clay-surfaces,  but  on  the  prisms  themselves  (cf. 
Williamson,  1951).  However,  whether  the  resulting  alignment  be  called 
an  a-  or  a  6-lineation,  the  mechanism  that  produces  it  is  presumably 
the  same  (Text-fig.  5). 

Further,  while  the  Wineations  manifestly  follow  directions  of 
elongation,  indicated  for  instance  by  the  occurrence  of  ac  joints  or 
sutures  (Text-fig.  5b  and  c),  the  same  is  also  true  according  to  Weymouth 
and  Williamson  (1953,  fig.  4)  of  the  a-lineation  in  an  extruded  cylinder. 
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Pre- Cambrian  Rocks  in  Co.  Wexford. 

By  J.  Wellstood  Baker 
Abstract 

An  area  of  rocks  in  S.E.  Co.  Wexford,  the  age  of  which  has  not 
been  previously  established,  is  now  shown  to  be  a  metamorphic 
assemblage,  probably  of  Pre-Cambrian  age.  It  is  suggested  that 
this  formed  the  south-western  extension  of  the  L.  Palaeozoic  Irish 
Sea  geanticline  postulated  by  previous  workers. 

Introduction 

Along  the  east  coast  of  Ireland  south  of  Dublin  there  are  three 
considerable  outcrops  which  are  coloured  as  Cambrian  on 
published  geological  maps,  including  the  25  mile  to  the  inch  geological 
map  of  the  British  Isles.  However,  the  age  of  these  rocks  has  never 
been  conclusively  established. 

The  best  known  and  most  northerly  of  these  outcrops  forms  the 
type  area  of  the  Bray  Series  from  which  the  problematic  fossils 
Oldhamia  and  Histioderma  have  been  recorded.  T.  Hallissy  (1939) 
notes  that  two  species,  Oldhamia  radiata  and  O.  antiqua  have  been 
found  associated  with  Cambrian  fossils  elsewhere  ;  and  since  they 
have  not  been  recorded  occurring  with  fossils  of  any  other  age,  they 
are  sometimes  regarded  as  Cambrian  index  fossils. 

The  second  tract  occurs  in  central  Co.  Wexford,  and  extends  from 
Cahore  Point  southwestward  to  the  Forth  Mountains  and  Bannow 
Bay.  These  have  been  correlated  with  the  Bray  Series  on  the  basis  of 
the  occurrence  of  the  form  Oldhamia  at  a  number  of  places  (Kinahan, 
1879,  and  T.  Hallissy,  1939).  The  third  outcrop  separated  from  that 
to  the  north  by  a  belt  of  Carboniferous  Limestone,  occupies  the  most 
south-easterly  corner  of  Co.  Wexford.^  Although  no  fossils  have  been 
found  here,  these  rocks  have  also  been  assumed  to  be  the  equivalent 
of  the  Bray  Series. 

According  to  most  modern  authors  the  Bray  Series  “  are  generally 
referred  to  the  Cambrian  ”,  e.g.  Cole  and  Hallissy  (1924),  T.  Hallissy 
(1939),  J.  K.  Charlesworth  (1953).  The  view  that  they  are  Pre- 
Cambrian  was  proposed  by  J.  F.  Blake  (1888),  who  suggested  a 
correlation  with  the  Mona  Complex  of  Anglesey,  and  has  been 
favoured  by  several  others. 

The  Metamorphic  Rocks  of  South-East  Co.,  Wexford 

A  new  investigation  has  been  commenced  by  the  author  of  the 
roughly  triangular  south-east  tract  south  and  west  of  Rosslare  (Text- 
fig.  1)  and  a  preliminary  outline  of  the  geology  is  given  here.  The  area 
is  covered  extensively  by  thick  boulder  clay,  which  at  Greenore  Point 
forms  cliffs  one  hundred  feet  high,  and  exposures  are  restricted. 
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It  is  noted  in  the  survey  memoir  (Kinahan,  1879)  that  the  rocks 
of  this  area  change  rapidly  “  from  sub-metamorphic  rocks  (argillites 
and  such  like)  to  highly  metamorphic  (granite)  Within  these  a 
threefold  division  has  now  been  recognized;  a  low  grade  group  of 
green-bed  type,  a  migmatite  group,  and  a  granite  intrusion.  Of  these 
the  migmatites  are  the  most  extensive,  being  exposed  on  the  east  and 
south  coasts  and  in  adjoining  inland  areas.  Pelitic  and  semi-pelitic 
types  abound  together  with  hornblende  schists,  all  of  which  commonly 
contain  cross-cutting  pegmatites.  The  foliation  is  steeply  inclined  and 
often  nearly  vertical;  it  strikes  predominantly  between  E.-W.  and 
E.N.E.-W.S.W. 

Along  the  coast  at  Kilmore  Quay  and  Crossfarnoge  Point  the 
principal  types  vary  from  biotite-schists  to  highly  felspathic  migmatites 
intruded  by  pegmatite  veins  and  a  network  of  epidiorite  dykes.  In  the 
east,  exposures  occur  along  the  shore  west  of  Rosslare  Harbour, 
around  Greenore  Point  and  at  St.  Helens,  and  also  in  the  valleys  of 
Kisha  Brook  and  other  streams.  But  throughout  this  area  the  schist 
and  migmatite  assemblage  has  been  severely  shattered  and  sheared  ; 
epidote,  chlorite,  sericite,  and  other  low  grade  minerals  have  been 
formed  at  the  expense  of  the  fractured  hornblende,  biotite,  and  feldspar. 
The  record  in  the  memoir  of  pyroclastics  is  perhaps  due  to  the  mis¬ 
leading  appearance  of  these  rocks  when  weathered.  Visits  by  the 
author  to  the  Tuskar  Rock  and  Saltee  Islands  (Text-fig.  1)  have  shown 
that  these  are  composed  of  similar  metamorphic  assemblages  to  those 
on  the  mainland. 

The  low-grade  metamorphic  rocks  only  outcrop  inland,  the  best 
exposures  occurring  in  the  valleys  between  Killinick  and  Tomhaggard. 
These  are  very  fine-grained  albite-epidote-chlorite  beds  free  from  any 
signs  of  migmatization  and  pegmatite  intrusion.  They  are  usually 
dragfolded  with  an  easterly  pitch,  and  appear  to  be  thrust  over  the 
migmatites. 

At  the  south-eastern  extremity  of  the  area  forming  the  buttress  of 
Carnsore  Point,  there  is  an  outcrop  of  granite.  This  is  a  strongly 
porphyritic  two-mica  granite  with  phenocrysts  up  to  2  inches  in  length 
of  microcline-microperthite,  quite  unlike  the  feldspar  of  the  migmatites. 
Although  no  direct  observations  can  be  made  upon  the  nature  of  the 
relation  of  granite  and  country  rock,  abundant  oriented  xenoliths  of 
the  latter  suggest  that  the  granite  is  intrusive  into  the  migmatites. 
It  may  be  noted  that  the  granite  does  not  resemble  the  Leinster  granite 
in  appearance. 

Kinahan  (1879)  claimed  that  there  is  a  southward  increase  in  meta¬ 
morphic  grade,  culminating  in  the  production  of  granite  at  Carnsore. 
T.  Hallissy  (1939)  further  claims  that  there  is  a  decrease  of  meta¬ 
morphism  from  Carnsore  towards  the  Mountains  of  Forth,  thus 
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implying  a  unity  of  this  tract  with  that  of  central  Co.  Wexford,  as 
indeed  have  all  previous  workers.  In  fact,  however,  the  changes  in 
metamorphic  grade  are  not  gradual,  but  each  division  is  sharply 
delimited.  It  would  be  unwise  at  this  stage  to  reach  any  final  con¬ 
clusion  concerning  the  stratigraphical  equivalence  or  otherwise  of 
these  one  with  another,  and  in  particular  with  the  adjacent  Forth 
Mountain  tract  which  contains  quartzites,  shales,  and  slates.  Nor  can 
any  evidence  bearing  upon  the  age  of  the  Bray  Series  be  accepted  as 
applying  to  them.  In  order,  therefore,  to  facilitate  and  clarify  dis¬ 
cussion,  it  is  suggested  that  new  names  are  required.  It  is  proposed 


Text-hg.  1. — Sketch  map  to  show  the  geology  of  the  Rosslare  district. 


to  call  the  green-beds  the  Killinick  Bedded  Series,  and  the  other  the 
Rosslare  Migmatite  Series.  The  age  of  the  latter  is  indicated  by  further 
evidence  as  Pre-Cambrian  which  most  likely  applies  also  to  the 
Killii.ick  Bedded  Series. 

Age  of  the  Rosslare  Migmatite  Series 

Small  outcrops  of  conglomerates  and  sandstones  occur  along  the 
shore  near  Rosslare  Harbour  and  in  old  quarries  north  of  the  village 
of  Tagoat.  These  have  yielded  Ordovocian  graptolites  and  brachio- 
pods  ;  the  Survey  memoir  records  a  form  identified  as  Didymograptus 
caduceus,  suggesting  that  these  rocks  are  of  Arenig  age.  These  are 
interpreted  as  lying  unconformably  upon  the  Rosslare  Migmatite 


66 


J.  W.  Baker— 


Series,  and  are  not  affected  by  the  migmatization  and  metamorphism 
of  the  latter. 

It  follows  that  if  the  series  is  of  Cambrian  age  (and  therefore 
equivalent  to  the  Bray  Series)  it  must  have  undergone  a  late  Cambrian 
or  early  Ordovician  orogeny  and  metamorphism.  It  is  true  that  a 
Lower  Palaeozoic  regional  metamorphism  has  been  postulated  for  the 
Dalradian  rocks  of  the  Grampian  Highlands,  but  this  is  not  considered 
to  be  as  early  as  the  period  in  question.  More  particularly  the  Lower 
Palaeozoic  rocks  of  Ireland  and  Wales  which  lie  much  closer  to  the 
Rosslare  Migmatite  Series  have  escaped  such  a  regional  metamorphism. 
A  Cambrian  age  for  the  Series  is  therefore  very  unlikely.  Alternatively 
they  are  Pre-Cambrian  which  leads  to  an  interpretation  which  conforms 
closely  to  the  history  of  the  rest  of  the  Irish  Sea  area.  Thus  the 
Ordovician  of  S.E.  Ireland  emerges  from  beneath  the  Silurian,  over¬ 
steps  possible  Cambrian  and  comes  to  rest  unconformably  upon 
Pre-Cambrian.  Precisely  the  same  relationship  is  found  in  North 
Wales,  but  in  the  opposite  geographical  sense  (see  Text-fig.  2).  More¬ 
over,  the  Rosslare  Migmatite  Series  can  be  compared  with  the 
migmatites  of  the  Mona  Complex  (Shackleton,  1954),  and  like  it  is 
associated  with  a  green-bed  group. 

The  Irish  Sea  Geanticline 

A  number  of  workers  have  postulated  that  an  Irish  Sea  land-mass 
composed  of  Pre-Cambrian  rocks  existed  during  parts  of  the  Lower 
Palaeozoic,  and  this  might  be  expected  to  extend  from  north-west 
Wales  towards  the  south-east  Irish  coast  in  the  manner  suggested  by 
L.  J.  Wills  (1951). 

O.  T.  Jones  (1938)  inferred  a  western  source  of  Pre-Cambrian 
Mona  type  material  for  the  Cambrian  sediments  of  N.  Wales,  and 
suggested  that  an  area  of  land  may  have  extended  from  Ireland  across 
to  the  Pennine  districts.  He  described  this  as  a  geanticline,  which 
continued  in  existence  during  the  Ordovician  and  formed  a  barrier 
separating  the  faunas  of  the  adjacent  geosynclines  to  the  north-west 
and  south-east.  W.  J.  Pugh  (1949)  also  discusses  such  a  geanticlinal 
ridge  suggesting  that  its  north-eastern  extension  may  be  represented 
by  the  Ingletonian,  the  Pre-Cambrian  age  of  which  now  seems  to  be 
established  satisfactorily.  This  question  is  discussed  by  Dunham  and 
others  (1953)  in  the  light  of  recent  additional  evidence. 

With  regard  to  its  south-western  extension,  A.  Lamont  (1939) 
observed  the  incoming  of  shallow  water  facies  in  the  Ordovician,  as 
this  was  traced  eastward  across  Co.  Wexford,  and  he  suggested  that  the 
Saltee  Islands  might  be  a  glimpse  of  the  Irish  Sea  land  mass,  against 
which  these  were  deposited.  The  author  believes  that  this  idea  is 
correct  in  principle,  but  that  the  area  concerned  can  be  enlarged 
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Text-fig.  2. — To  show  the  distribution  of  the  Pre-Cambrian  and  Lower  Palaeozoic 
rocks  around  the  Irish  Sea.  (Submarine  contours  deduced  from  Admiralty 
charts.) 

geanticlinal  axis.  It  may  therefore  be  that  the  Pre-Cambrian  rocks  do 
occur  along  a  continuous  belt  from  Co.  Wexford  beneath  the  Irish 
Sea  to  Anglesey,  and  thence  onwards  to  reappear  in  northern  England. 
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beyond  the  Saltees  to  include  the  whole  outcrop  of  the  Rosslare 
Migmatite  Series.  Since  this  still  extends  onwards  from  the  mainland 
as  far  as  Tuskar  Rock,  the  tract  has  once  covered  a  considerable  area. 

Finally  it  may  be  added  that  the  deeper  part  of  the  Irish  Sea  (over 
30  fathoms),  is  crossed  by  a  submarine  ridge  as  indicated  in  Text-fig.  2 
by  the  45  fathom  contour.  The  southern  margin  of  this  has  a 
caledonoid  trend,  and  it  coincides  with  the  probable  position  of  the 
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The  Tectonic  Pattern  of  the  Lewisian  around  Clashnessie 
Bay  near  Stoer,  Sutherland 

By  Basil  C.  King 


Abstract 

In  the  Clashnessie  district  the  original  or  Scourian  complex  is 
represented  chiefly  by  homblendic  gneisses  and  shows  simultaneous 
close  folding  on  55''-235°  (A  I)  and  155°  (A  2)  axes.  The  general 
disposition  of  the  formations  is  largely  related  to  open  folding  on 
the  A  1  axis. 

The  effects  of  later  movements,  post-dating  the  basic  dykes,  are 
comparatively  slight,  but  are  shown  by  the  sporadic  development 
of  a  schistosity  and  a  lineation,  which  plunges  to  the  south-east, 
together  with  occasional  sharp  folds  at  about  207°  (A  3)  and 
114°  (A  4). 


I.  Introduction 


Although  it  was  dearly  recognized  by  the  authors  of  the 
memoir  on  the  North-West  Highlands  that  the  Lewisian 
displays  evidence  of  two  major  episodes  of  movement,  its  structures 
were  only  described  in  general  terms,  while  the  structural  information 
on  the  maps  of  the  Geological  Survey  is  limited  chiefly  to  directions 
of  dip  of  the  foliation. 

Sutton  and  Watson  in  their  recent  account  (1951)  are  more  largely 
concerned  with  lithology  and  metamorphism  and  add  little  to  the 
picture  presented  in  the  memoir  of  the  structures  in  the  older  complex. 
Thus,  in  the  Scourie  area  folding  is  referred  to  as  “  irregular  and 
isoclinal  contortions  .  .  .  The  fold  axes  are  irregular  in  their  orienta¬ 
tion,  probably  because  the  complex  was  so  plastic  as  to  be  incapable 
of  transmitting  a  constant  stress  ”  (pp.  267-8). 

In  order  to  provide  further  data  on  this  problem  the  structures  of  a 
small,  well-exposed  area  around  Clashnessie  Bay  were  studied  in 
detail.  The  gneisses  are  here  traversed  by  a  number  of  basic  dykes 
which,  from  their  regularity  and  comparative  freedom  from  deforma¬ 
tion,  provide  additional  evidence  that  the  area  has  suffered  little 
during  the  later  period  of  movement  and  can  be  regarded  as  a  segment 
of  the  “  Scourian  complex  ”  (Sutton  and  Watson,  op.  cit.). 

The  results  reveal  that  the  structures,  though  apparently  more 
complicated  than  has  been  suggested  hitherto,  nevertheless  form  a 
regular  pattern.  Two  major  directions  of  fold  axes  can  be  recognized, 
approximately  at  right  angles  to  each  other,  while  several  episodes  of 
folding  are  represented.  Although  certain  directions  of  strike  are 
prevalent,  the  complex  fold  pattern  results  in  great  variability  of 
strike  and  dip  on  a  small  scale.  It  is  this  diversity  which  conveys 
the  impression  of  structural  irregularity. 
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II.  Lithology 

The  general  characters  of  the  rocks  of  the  Lewisian  are  familiar 
from  the  accounts  already  cited.  Although  the  prevalent  gneisses  in 
the  major  region  (Kylesku  to  Loch  Broom  in  the  memoir,  pp.  155-171) 
are  pyroxenic  varieties,  those  in  the  Clashnessie  district  are  largely 
hornblendic. 

The  chief  rock  types  may  be  summarized: — 

(a)  Banded  gneisses  characterized  by  a  mineral  layering  or  foliation, 
due  to  concentration  of  quartz  and  feldspar  or  hornblende  (sometimes 
with  biotite).  The  layering  shows  great  variations  in  scale,  from  a 
fine,  vague  ribbing  to  a  broad  banding  clearly  visible  at  some  distance 
from  the  outcrops. 

(b)  Quartzites  and  quartz  granulites  have  been  found  on  an  insig¬ 
nificant  scale  in  two  localities.  They  occur  as  intercalations  or  infolds 
within  the  banded  gneisses. 

(c)  Ultra-basic  masses  are  widespread  and  range  in  size  from  small 
knots  or  schlieren  to  large  lenticular  masses  several  hundred  feet 
across,  lliey  are  essentially  conformable,  although  the  banded  gneisses 
often  display  sharp  deflection  around  their  margins.  In  this  area  the 
ultra-basic  rocks  are  almost  exclusively  hornblendites,  although  some 
pyroxene  and  garnet  are  found.  The  hornblende  is  often  in  very  large 
crystals. 

(d)  Basic  masses,  essentially  homblende-plagioclase  rocks  of 
medium  grain  size,  are  also  found  and  are  commonly  conformable. 

(e)  Massive  gneisses  of  more  homogeneous  character,  with  little 
or  no  layering,  though  sometimes  showing  streaky  concentrations  of 
the  dark  minerals,  are  extensively  developed.  These  include  especially 
granite-gneisses  (with  biotite  and  muscovite),  as  around  Cnoc  a’ 
Mhuilinn,  but  diorite-gneisses  (with  hornblende)  are  not  uncommon, 
notably  to  the  south-west  of  Clashnessie  village. 

(/)  Pegmatites  are  sporadically  distributed,  always  as  small,  ill- 
defined  masses.  Quartz  forms  irregular  veins  and  masses,  often  in  close 
association  with  homblendite,  but  also  in  later  shear  zones  and  faults. 

{g)  Basic  dykes  ranging  in  width  from  a  foot  or  two  to  about  100  feet 
are  represented  in  the  area  and  commonly  trend  about  W.N.W.- 
E.S.E.  The  contacts,  wherever  visible,  are  sharply  defined  against  the 
gneisses,  the  foliation  of  the  latter  being  abruptly  truncated.  The 
interior  parts  of  the  large  dykes  are  coarse-grained  and  retain  their 
original  igneous  textures.  Marginally  the  dykes  often  pass  into  horn- 
blende-schists. 
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Text-hg.  1. — Structural  map  of  the  area  around  Clashnessie  Bay. 
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III.  Structures 

(a)  Foliation. — There  is  general  agreement  between  the  disposition 
of  the  various  lithological  elements  in  the  banded  gneisses  and  the 
arrangement  of  the  foliation  or  banding  on  all  scales. 

As  shown  in  Text-fig.  3,  there  is  a  strong  predominance  of  strikes 
trending  about  N.E.-S.W.,  while  the  dips  are  almost  always  towards 
the  south-east.  On  a  broad  scale  the  dip  shows  fairly  systematic 


N 


Text-hg.  2. — Stereographic  projection  of  axial  directions  of  visible  folds. 
(Wulff  net.)  Note  :  the  actual  values  assigned  to  the  average 
axial  directions  are  only  approximately  statistical. 

undulations.  Thus,  roughly  along  the  line  of  the  road  following  the 
south-eastern  shore  of  Clashnessie  Bay  there  occurs  a  belt  of  almost 
horizontal  foliation,  the  dips  becoming  appreciable  along  the  shore 
itself  and  again  inland.  Towards  Cnoc  a’  Mhuilinn  the  south-easterly 
dips  are  generally  steep. 

In  detail  the  disposition  of  the  foliation  shows  great  variation 
and  rapid  changes  in  strike  and  dip  are  especially  found  in  certain 
localities,  as  to  the  south-west  of  Clashnessie  village  and  at  the  western 
end  of  Loch  an  Easain.  Strikes  approximately  at  right  angles  to  the 
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prevalent  direction  are  not  uncommon,  as  on  the  western  shore 
of  Clashnessie  Bay.  The  fact  that  the  associated  dips  are  sometimes 
steep  shows  that  the  general  structure  in  the  area  cannot  be  explained 
simply  in  terms  of  pitching  folds  on  axes  following  the  prevailing 
strike. 

Topographically  the  dominant  N.E.-S.W.  strike  and  south-easterly 


Text-fig.  3. — Stereographic  projection  of  poles  to  foliation  planes.  Axial 
directions  (A  1-A  4)  are  from  Text-fig.  2.  (Wulflf  net.) 

dip  are  responsible  for  a  general  scarp-featuring.  In  detail,  however, 
the  great  variation  in  strike  is  reflected  in  the  local  diversity  of  directions 
shown  by  coast  lines,  loch  shores,  and  rivers  alike. 

{b)  Folding. — Folds  can  be  observed  in  almost  every  exposure. 
The  ubiquitous  smaller  folds  vary  from  asymmetric  to  strongly  com¬ 
pressed,  the  axial  planes  showing  corresponding  progression  towards 
concordance  with  the  layering  on  a  larger  scale.  The  size  of  the  folds 
varies  from  minute  crumples  to  the  largest  dimensions  that  can  be 
observed  in  outcrops. 

All  of  these  folds  can  be  described  as  “  drag  ”  folds  in  the  sense 
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that  they  evidently  result  from  shear  movement  in  the  limbs  of  larger 
structures.  The  term,  however,  would  here  have  relative  rather  than 
absolute  significance  since  the  folds  on  any  given  scale  can  be  regarded 
as  drag  folds  relative  to  folds  of  a  larger  order.  The  folia  involved  in 
folding  have  been  deformed  by  flexure,  which  may  be  supposed  to  result 
from  lateral  movement  between  successive  major  layers.  The  direction 
of  movement  remained  similar,  but  the  amount  of  movement  increased 
with  the  distance  by  which  the  layers  are  separated. 

Two  main  axial  directions  can  be  recognized  :  approximately 
N.E.-S.W.  and  approximately  N.W.-S.E.  These  correspond  to  the 
principal  maxima  shown  on  Text-fig.  2.  The  folds  are  conveniently 
described  according  to  direction  and  style. 

(i)  Close  Folds  on  N.E.-S.W.  Axes  (A  1) 

These  show  maxima  which,  as  judged  from  Text-fig.  2,  lie  at  about 
55°-235°  and  in  general  show  low  angles  of  plunge  (10°  to  30°)  to 
the  south-west.  Plunges  to  the  north-east  are  not  uncommon,  but  are 
generally  not  inclined  at  more  than  5°  or  10°.  Visible  folds  include  com¬ 
paratively  large  structures  several  feet  across  and  usually  show  con¬ 
siderable  extension  in  the  direction  of  their  axes.  The  axial  planes  are 
almost  invariably  inclined  to  the  south-east  and  since  the  folds  are 
usually  closely  compressed  they  produce  only  minor  variation  in  the 
general  inclination  of  the  foliation. 

The  prevalent  direction  of  strike  and  the  general  trend  of  lithological 
units  imply  that  this  axial  direction  is  of  major  significance  in  the  area. 
Broad  variations  in  strike  from  the  general  N.E.-S.W.  direction  can 
be  ascribed  to  variation  in  plunge  of  large-scale  recumbent  folds 
from  near  horizontal  to  more  strongly  south-westerly  or  north-easterly. 

(ii)  Close  Folds  on  N.  W.-S.E.  Axes  (A  2) 

Small  folds  having  axial  directions  around  155°  are  ubiquitous. 
In  general  they  are  no  more  than  a  few  feet  in  amplitude  and  are  only 
traceable  for  short  distances  along  their  axes.  They  are  commonly 
closely  compressed  and,  indeed,  all  stages  can  be  recognized  to  struc¬ 
tures  showing  obliquely  impinging  folia  which  represent  folds  of 
which  the  apices  have  been  completely  lost  in  shear.  The  axial  planes 
of  the  folds  approximate  to  the  general  disposition  of  the  foliation, 
so  that  the  plunge  of  the  folds  has  about  the  same  inclination  as  the 
dip  of  the  foliation  and  is,  correspondingly,  almost  always  south¬ 
easterly.  It  is  apparent,  too,  that  where  folds  on  both  N.E.-S.W. 
and  N.W.-S.E.  axes  are  closely  compressed  their  axial  planes  are 
coincident. 

In  relation  to  close  folds  on  both  axial  directions  individual  folia 
have  often  undergone  preferential  thinning  or  thickening,  but  the  most 
distinctive  behaviour  in  this  respect  is  shown  by  the  ultrabasic  layers. 
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Even  where  these  are  approximately  concordant,  some  measure  of 
boudinage  is  usual.  More  generally,  however,  they  become  progres¬ 
sively  dissected  into  isolated  masses,  lenticles  or  knots,  which  com¬ 
monly  occupy  the  cores  of  folds,  especially  of  those  with  A  2  axes, 
but  produce  considerable  distortion  on  the  folia  in  their  immediate 
vicinity.  Often  it  is  seen  that  such  masses  are  rods  having  notable  exten¬ 
sion  with  the  axial  direction  of  the  folds.  Sometimes  what  is  broadly  a 
homblendite  layer  in  relation  to  the  N.E.-S.W.  folds  is  in  detail 
disrupted  into  a  series  of  tectonic  inclusions  in  the  banded  gneisses 
by  the  N.W.-S.E.  folds.  Indeed,  the  characteristic  forms  of  the  ultra- 
basic  masses  on  all  scales  are  predominantly  tectonic  in  origin. 

Where  the  folds  in  the  banded  gneiss  have  been  lost  in  shear,  lenticles 
or  rods  of  homblendite  are  the  sole  relics  of  former  fold  cores.  In  the 
granite-gneisses  the  masses  of  horablent^ite  are  preserved,  having  the 
appearance  of  inclusions  of  schlieren,  after  all  sign  of  the  original 
gneissic-banding  has  disappeared. 

(iii)  Open  Folds  on  N.E.-S.  W.  Axes 

Broader  folds  are  found  ranging  from  open  structures  visible  in 
outcrops  to  gentle  undulations  having  a  N.E.-S.W.  axial  direction. 
Indeed,  it  is  apparent  that  on  the  scale  of  the  map  the  general  varia¬ 
tions  in  inclination  of  the  prevalent  south-easterly  dip  can  be  regarded 
as  related  to  large-scale  folds  of  this  character. 

(iv)  Open  Folds  on  N.W.-S.E.  Axes 

Locally  south-easterly  plunging  folds  have  more  than  minor  signifi¬ 
cance,  for  the  strike  of  the  foliation  is  sometimes  in  agreement  with 
these  fold  trends.  This  is  seen,  for  example,  along  parts  of  the  western 
shore  of  Clashnessie  Bay.  Here  it  is  the  N.E.-S.W.  folds  whose  axes 
agree  with  the  general  direction  of  dip.  It  is  possible  in  these  cases  to 
conclude  that  the  gneisses  have  been  affected  by  broad  folds  or  undula¬ 
tions  on  N.W.-S.E.  axes. 

(v)  Relations  between  the  N.E.-S.  W.  and  N.  W.-S.E.  Systems  of  Folds 

Since  the  axial  planes  of  both  systems  of  close  folds  tend  to  coincide 

and  show  agreement  with  the  general  disposition  of  the  foliation  it 
appears  probable  that  they  are  essentially  contemporaneous.  A  genetic 
connection  is  suggested  by  the  fact  that  the  two  axial  directions  are 
almost  at  right  angles  to  each  other. 

Further  evidence  is  provided  by  the  comparatively  unusual  instances 
where  folding  on  both  axes  affects  the  same  rock  layers.  An  excellent 
example  on  a  relatively  large  scale  is  illustrated  in  Text-fig.  5.  Here 
it  is  clear  that  both  folds  are  of  simultaneous  formation  since  the  axis 
of  each  remains  unfolded  by  the  other.  The  disposition  of  layers  in 
certain  parts  of  the  structure  is  such  as  to  be  compatible  with  both 
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fold  axes.  In  particular,  contemporaneity  is  revealed  by  the  impossi¬ 
bility  of  analysing  the  structure  by  envisaging  unfolding  on  one  fold 
axis  alone. 

It  is,  however,  often  readily  seen  that  the  more  open  folds  have 
affected  earlier  close  folds.  Thus  the  axes  of  the  N.W.-S.E.  folds 
plunge  at  angles  which  depend  on  their  position  within  the  broader 
N.E.-S.W.  folds.  This  is  revealed  very  clearly  by  the  distribution  of  the 


Text-fig.  4. — Stereographic  projection  of  poles  to  planes  of  schistosity. 
Crosses  are  those  of  schistosity  in  basic  dykes.  Axial  directions 
(A  3  and  A  4)  from  Text-fig.  4.  (Wulff  net.) 

A  2  axes  on  the  stereographic  projection  (Text-fig.  2).  The  axes  occupy 
a  partial  girdle  which  is  approximately  normal  to  the  A  1  direction. 
There  are  also  some  localities  in  which  close  folds  on  A  1  axes  have 
apparently  been  affected  by  open  folds  on  the  A  2  direction. 

Appreciable  departures  from  the  mean  axial  directions  are  not 
uncommon,  but  the  extent  to  which  these  represent  dispersion  owing 
to  inhomogeneity  or  differential  mobility  of  the  rocks,  or  to  the  effect 
of  tilting  of  axes  by  later  folding  is  difficult  to  ascertain.  The  stereo¬ 
graphic  projection  (Text-fig.  3)  shows  how  largely  the  poles  to  folia- 


The  Tectonic  Pattern  of  the  Lewisian  around  Clashnessie  Bay  77 

tion  planes  lie  within  girdles  normal  to  the  A  1  and  A  2  fold  axes.  The 
obviously  greater  significance  of  the  A  1  direction  in  determining  the 
strike  and  dip  in  the  gneisses  is  strongly  suggestive  that  this  represents 
the  major  direction  of  folding  on  a  regional  scale. 

(vi)  Other  Directions  of  Folding  (A  3  and  A  4) 

In  addition  to  the  dominant  directions  Text-fig.  2  shows  minor, 
but  distinct  concentrations  of  fold  axes  around  207°  (A  3)  and  114° 


Text-fig.  5. — “  Double  fold  ”  in  banded  gneiss  :  diagrammatic  drawing 
from  photograph  and  field  sketches  :  from  west  shore  of  Clashnessie 
Bay.  The  core  of  the  fold  at  145°  is  formed  of  homblendite,  which 
has  been  extensively  eroded.  The  outcrop  represented  is  about 
50  feet  across. 

(A  4).  The  distribution  of  poles  to  foliation  (Text-fig.  3)  is  consistent 
with  this  observation,  for  most  of  the  poles  which  cannot  be  related  to 
the  A  1  and  A  2  axes  lie  around  the  girdles  to  A  3  and  A  4.  A  genetic 
connection  between  these  two  axial  directions  may  well  be  implied  by 
their  being  at  right  angles  to  each  other. 

In  the  field  these  folds  often  show  no  significant  distinction  in  style 
from  the  open  folds  already  described,  but  in  many  cases  they  consist 
of  sharp  buckles,  asymmetric  folds,  or  “  monoclinal  ”  flexures  several 
feet  in  amplitude  and  traceable  across  entire  outcrops.  They  often 
have  steep  or  even  vertical  axial  planes  (especially  A  4)  and  clearly 
refold  the  earlier  close  folds.  Frequently,  too,  they  show  partial 
rupturing  of  the  rock  layers,  or  even  minor  thrusting.  This  semi- 
brittle  style  is  in  marked  contrast  to  the  semi-plastic  character  of  the 
close  folds. 
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(c)  Schistosity. — A  preferred  mineral  orientation  is  not  uncommon, 
though  sporadically  developed  in  the  banded  gneisses.  It  is  most 
apparent  in  the  dark  bands  where  these  are  involved  in  folds,  for 
the  crystals  of  hornblende  often  show  a  parallel  orientation  which 
disregards  the  foliation.  It  is  also  shown  by  the  occurrence  of  schistose 
partings  marked  by  the  abundant  development  of  strongly  parallel 
flakes  of  biotite  (and  muscovite).  All  variations  are  found,  in  fact, 
from  banded  rocks,  characterized  solely  by  a  mineral  layering  and 
granular  texture,  to  rocks  with  a  strongly  marked  schistosity  which 
blurs  the  original  banded  structure. 

In  the  granite-  and  diorite-gneisses  a  schistosity  is  almost  ubiquitous. 
It  is  shown  not  only  in  the  streaky  concentrations  of  dark  minerals,  if 
these  are  present,  but  also  in  the  occurrence  of  micaceous  partings,  in 
which  flakes  of  muscovite  are  especially  prominent.  The  quartz 
and  feldspar,  both  in  the  banded  and  granite-gneisses,  are  layered 
according  to  variations  in  grain  size,  often  clearly  due  to  granulation 
or  recrystallization  in  bands  which  conform  to  the  schistosity.  This 
results  in  a  flaggy  appearance  in  the  field. 

Poles  to  planes  of  schistosity  (Text-fig.  4)  show  a  broad  agreement 
with  the  distribution  of  poles  to  foliation  planes,  but  a  much  more 
restricted  scatter.  Indeed,  in  the  field  the  schistosity  often  conforms 
with  the  foliation  where  folding  is  inconspicuous  and  may  have  the 
appearance  of  an  axial  plane  schistosity  to  the  close  folds  on  A  1  and 
A  2  axes.  It  is  noticeable,  however,  that  the  south-easterly  dip  of  the 
schistosity  hardly  ever  attains  the  higher  angles  often  shown  by  the 
foliation.  In  many  instances,  moreover,  the  schistosity  is  manifestly 
unrelated  to  the  visible  close  folding,  for  when  the  axial  planes  of  the 
latter  are  steeply  inclined  they  are  intersected  at  much  lower  angles 
by  the  schistosity. 

Other  observations  confirm  that  the  schistosity  is  indeed  a  later 
structure.  Thus,  whereas  the  foliation  and  earlier  folding  are  only 
preserved  within  the  granite-  and  diorite-gneisses  as  relic  structures, 
the  schistosity  is  strongly  developed.  Moreover,  the  schistosity  which  is 
often  found  in  the  basic  dykes  agrees  in  direction  with  that  in  the 
gneisses  (Text-fig.  4).  Indeed,  in  the  case  of  small  dykes,  which  clearly 
cut  across  the  earlier  folded  folia  of  the  gneisses,  the  schistosity  can 
be  seen  alike  in  dyke  and  host-rock.  The  poles  to  the  planes  of  schisto¬ 
sity  lie  within  girdles  to  the  A  3  and  A  4  axes  (Text-fig.  4).  Folds 
on  these  axes  may,  therefore,  be  regarded  as  those  responsible  for 
flexuring  the  schistosity.  Indeed,  near  Loch  an  Easain  the  schistosity 
in  banded  gneiss  can  be  seen  to  be  inclined  almost  vertically  in  one 
limb  of  an  asymmetric  fold  on  the  A  4  axis. 

Since,  therefore,  the  schistosity  and  the  folding  on  A  3  and  A  4  axes 
are  later  than  the  basic  dykes,  they  evidently  both  belong  to  the  pre- 
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Torridonian  movements  of  Peach,  et  al.  (1907,  p.  157  et  seq.).  or  the 
Laxfordian  period  of  Sutton  and  Watson  (op.  cit.,  pp.  256,  276). 

In  the  Clashnessie  district  these  later  movements  were  evidently 
comparatively  slight  and  mainly  affect  the  detailed  textures  and 
structures  of  the  rocks,  but  nearer  Stoer  characteristic  shear  zones 
are  found  (cf.  Peach,  et  al.,  op.  cit.,  p.  167).  In  contradistinction  to 
the  usual  vertical  disposition  of  the  later  planes  of  movement  (and  the 
axial  planes  of  the  associated  folds),  those  in  the  Stoer  area  are  at  low 
angles  and  the  earlier  workers  recognized  that  the  “  newer  foliation  ” 
of  the  dykes  near  Clashnessie  correspondingly  shows  a  gentle  dip  to  the 
south-east  (Peach,  et  al.,  p.  170). 

In  a  few  places,  especially  in  proximity  to  the  dykes  the  gneisses 
show  more  extensive  modification,  developing  a  granulitic  or  flaggy 
character,  the  schistosity  being  reflected  as  closely  spaced  platy  partings. 
In  such  cases  it  can  be  shown  that  very  small  tightly  compressed 
folds  are  developed,  the  axial  planes  of  which  correspond  to  the 
schistosity.  It  may  be  supposed  that  the  dykes  were  relatively  rigid 
masses,  so  that  differential  movement  was  especially  significant 
towards  their  contacts.  For  the  same  reason  schistosity  is  always  in 
the  first  instance  developed  in  the  marginal  zones  of  the  dykes 
themselves. 

(d)  Lineation  is  locally  developed  as  fine  straight  ribbing  due  appar¬ 
ently  to  elongated  quartz  grains  on  planes  of  schistosity  in  the  banded 
and  granite-gneisses.  It  is  also  revealed  in  places  by  a  linear  parallelism 
of  hornblende  crystals  in  the  basic  rocks  and  is  a  common  feature  in 
the  schistose  parts  of  the  basic  dykes.  The  direction  of  lineation  is 
between  about  145°  and  160°,  thus  agreeing  with  that  of  the  A  2  fold 
axes.  However,  in  view  of  its  sporadic  occurrence  and  its  development 
in  the  basic  dykes  the  apparent  coincidence  with  the  A  2  axial  direction 
is  likely  to  be  fortuitous.  It  is  probable  that  both  schistosity  and 
lineation  were  developed  in  close  agreement  with  pre-existing  structures. 

(e)  Minor  Thrust  and  Shear  Planes. — Small-scale  thrusts  are  locally 
common,  usually  inclined  at  moderate  angles  to  the  south-east.  Strong 
shears  and  shear  joints  occur  in  several  directions,  nearly  vertical 
planes  at  about  30°  to  50°  and  100°  to  120°  having  been  frequently 
observed.  Narrow  sheared  and  brecciated  zones  are  occasionally 
found  along  the  margins  of  the  basic  dykes. 

IV.  Conclusions 

In  the  Clashnessie  district  the  original  or  Scourian  complex  is 
represented  chiefly  by  hornblendic  gneisses.  These  show  simultaneous 
close  folding  on  55°-235°  (A  1)  and  155°  (A  2)  axes.  Since  the  general 
disposition  of  the  formations  is  largely  related  to  folding  on  the  A  1 
axis,  it  is  this  direction  which  is  likely  to  represent  the  main  tectonic 
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b-axis,  normal  to  the  direction  of  orogenic  pressure  and  consequently  of 
tectonic  transport.  The  A  2  folds  may  be  considered  to  have  resulted 
from  accommodation  to  internal  stresses  consequent  upon  confine¬ 
ment  of  the  orogenic  belt  in  the  direction  of  the  tectonic  b-axis. 

Granite-  and  diorite-gneisses  appear  to  have  developed  with  or 
after  this  folding  since  they  preserve  the  fold  structures  only  as  more 
or  less  vague  relics. 

Broader  folding,  chiefly  along  the  A  1  axial  direction  is  responsible 
for  the  notable  undulations  in  the  dip  of  the  foliation  on  a  large  scale 
and  in  detail  can  be  shown  to  have  scattered  the  plunges  of  the  A  2 
close  folds,  which  now  range  from  near  horizontal  to  almost  vertical. 

After  the  emplacement  of  the  basic  dykes,  quite  clearly  in  a  different 
tectonic  environment,  the  complex  suffered  some  deformation  and 
reconstruction  during  the  later  (Laxfordian)  movements.  The  rocks 
seem  to  have  yielded  in  a  less  plastic  fashion  than  during  the  Scourian 
movements.  A  schistosity  is  sporadically  developed,  especially  in  the 
granite-gneisses  and  basic  dykes,  with  a  low  south-easterly  dip,  often 
in  approximate  agreement  with  the  axial  planes  of  the  earlier  close 
folds.  A  lineation,  which  may  be  related,  shows  approximate  agree¬ 
ment  with  the  A  2  axial  direction. 

Open  folding,  often  as  sharp  semi-brittle  buckles,  appears  to  affect 
all  the  earlier  structures,  producing  flexuring  of  the  schistosity.  These 
folds  commonly  have  axial  directions  around  IQT  (A  3)  and  114° 
(A  4),  the  axial  planes  usually  being  steeply  inclined.  Sometimes  they 
pass  into  minor  shears.  It  seems  likely  that  the  A  4  folds  are  related  to 
the  W.N.W.-E.S.E.  (or  nearly  E.-W.)  “  lines  of  movement  of  pre- 
Torridonian  age  ”  recorded  by  the  earlier  workers  (Peach,  et  al., 
op.  cit.,  p.  165).  The  A  3  folds  may  represent  accommodation 
structures. 
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CORRESPONDENCE 

KNICK  POINTS  AND  PROFILES 

Sir, — In  his  most  valuable  account  of  Wealden  geography.  Professor  Allen 
uses  the  objectionable  term  nick  points  {GeoL  Mag.,  xci,  500).  At  none  of 
these  points  is  there  any  nick  or  nitch  or  notch,  such  as  an  undercut  water¬ 
fall  ;  only  a  flaw  in  the  curve,  like  the  broken  back  of  a  beast. 

The  term  originated  in  the  German  Knickpunkt.  It  is  true  that  knick 
does  not  appear  in  modern  English  dictionaries,  though  it  lingers  disguised 
in  the  knacker’s  yard.  But  that  is  surely  no  reason  why  a  word  with  a  totally 
different  meaning  should  be  used  instead,  merely  because  it  has  the  same 
sound.  It  is  as  though  an  innkeeper  should  say  he  had  no  beer  but  there 
was  a  perfectly  good  bier  available. 

Another  point — why  do  some  geographers  talk  of  the  long  profile  and 
the  cross  profile  of  a  valley  ?  In  common  lan^age  a  profile  is  a  side  view. 
At  the  Royal  Academy  we  may  see  portraits  in  profile,  half  profile,  or  full 
face,  smiling,  smug  perhaps,  but  never  cross.  What  is  wrong  with  profile 
and  cross-section  in  the  case  of  a  valley  ? 

G.  M.  Davies. 

63  Beechwood  Road, 

Sanderstead,  Surrey. 

13th  December,  1954. 


HORIZONTAL  STRESS  AND  TRANSCURRENT  FAULTS 

Sir, — In  reply  to  H.  W.  Wellman’s  letter  {Geol.  Mag.,  xci,  1954,  407-8) 
on  the  angles  between  principal  horizontal  stresses  and  transcurrent  faults,  I 
would  like  to  make  the  following  comments. 

The  writer  refers  in  the  first  place  to  Leedal  and  Walker’s  investigation, 
and  map  (p.  1 18)  of  the  Lough  Belshade  and  Barnes  Lough  Faults  in  Northern 
Ireland.  He  says  that,  in  virtue  of  a  principle  which  I  have  advocated,  “  and 
without  confirmatory  evidence,”  Leedal  and  Walker  have  concluded  that  the 
two  faults  must  be  of  different  ages.  On  pp.  119  and  120  of  their  paper  the 
two  authors  do,  however,  give  some  confirmatory  evidence,  although  they 
do  not  claim  that  it  is  conclusive. 

The  writer  next  cites  the  work  of  J.  B.  Auden  in  Gujarat  (India),  and  the 
map  presented  by  him  on  p.  94  of  the  same  volume.  Auden,  however, 
in  referring  to  the  supposed  transcurrent  faults  involved,  says  that  “  in 
Gujarat  the  fracturing  is  mainly  vertical  ”,  and  this  leaves  one  very  much 
in  doubt  whether  he  may  not  be  dealing  with  two  non-contemporaneous 
systems  of  normal  faulting. 

There  is  further  reference  to  “  two  suitable  pairs  of  active  transcurrent 
faults  ”  in  New  Zealand,  investigated  by  the  writer  himself.  In  the  map 
which  accompanies  the  cited  paper  it  is  easy  to  trace  the  “  Alpine  Fault  ”, 
and  identify  the  “  Moonlight  Fault  ”,  but  no  indication  appears  to  be  given, 
either  in  the  map  or  the  list  of  dislocations,  with  regard  to  the  other  pair. 
Unless  Mr.  Wellman  has  published  elsewhere,  the  information  available 
appears  to  be  far  too  fragmentary  for  the  formation  of  any  conclusions. 

The  last  case  cited  is  that  of  the  San  Andreas  Fault,  along  with  the  supposed 
complementary  Big  Pine  and  Garlock  Faults.  These  intersect  at  an  angle 
much  greater  than  90%  as  may  be  gathered  from  the  writer’s  statements. 
Both  the  San  Andreas  Fault,  with  its  parallels,  and  the  other  two  mentioned 
are  active  at  present :  I  have  long  known  and  been  puzzled  about  this  dis¬ 
crepancy,  but  perhaps  the  explanation  is  as  follows; — 

As  is  well  known,  when  there  are  three  principal  stresses  in  any  medium, 
of  different  magnitudes,  any  fracture  which  may  result  must  be  parallel,  or 
nearly  so,  to  the  one  which  is  intermediate  in  value.  The  inclination  of  the 
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fracture  to  the  other  two  is,  however,  less  determinate.  Experiment,  as  well 
as  field  observation  show,  nevertheless,  that  it  seldom  exceeds  45°,  and  is 
usually  a  good  deal  smaller  than  this  figure.  I  have  named  this  result  the 
Navier  principle. 

The  principle  applies,  however,  only  to  the  initiation  of  a  fault-line.  When 
stresses  are  changing,  earthquake  motion  may  continue  along  a  fault  earlier 
than  that  which  would  be  produced  de  novo  by  the  forces  actually  in  existence, 
so  long  as  a  certain  amount  of  relief  to  the  contemporaneous  stress  is  produced 
in  each  case. 

Two  very  convincing  examples  of  the  principle  occur  in  Great  Britain. 
The  first,  which  is  evident,  for  instance,  in  the  Central  Coalfield  of  Scotland, 
consists  in  the  inclination  of  the  east-west  faults,  which  are  all  of  the  same  age, 
and  which  I  have  named  Borcovician.  These  form  two  series,  dipping  respec¬ 
tively  north  and  south,  at  angles  not  far  from  22^°,  or  a  quarter  of  a  right 
angle,  from  the  vertical.  The  angle  between  the  sets  is  thus  roughly  45°, 
and  there  are  dozens,  if  not  scores,  in  each  series. 

The  second  example  consists  in  the  dextral  and  sinistral  faults,  connected 
with  the  nearly  north-south  Armorican  pressure,  in  Pembrokeshire  {The 
Dynamics  of  Faulting,  fig.  19).  The  angle  between  the  series  is,  in  this  case, 
more  nearly  50°. 

On  the  whole  1  think  that  the  Navier  principle  will  survive  a  few  even 
harder  “  knocks  ”  than  those  which  Mr.  Wellman  has  given  it.  In  conclusion 
I  must  point  out  that  The  Dynamics  of  Faulting  was  not,  as  in  Mr.  Wellman’s 
reference,  written  by  Professor  J.  G.  C.  Anderson — whose  actual  work 
I  greatly  admire — but  by  the  present  writer. 

E.  M.  Anderson. 

62  Greenbank  Crescent,  Edinburgh. 


XENOLlTHiC  MONCHIQUITE 

Sir, — I  have  read  with  interest  the  paper  by  Messrs.  Walker  and  Ross  on 
a  xenolithic  monchiquite  dyke  near  Glenfinnan,  published  in  your  last  issue 
{Geol.  Mag.,  xci,  1954,  pp.  463-472).  Optical  data  for  minerals  of  the 
dyke  rock  and  of  its  xenoliths  are  more  detailed  than  any  previously  published 
in  relation  to  similar  Scottish  minor  intrusions,  and  constitute  a  welcome 
addition  to  our  knowledge  of  such  rocks. 

The  authors  account  of  similar  minor  intrusions  already  known  in 
Scotland,  and  of  published  opinion  regarding  the  genesis  of  such  intrusions 
and  of  their  xenoliths  is,  however,  incomplete.  Scottish  volcanic  vents  known 
to  contain  blocks  of  carbonated  peridotite  are  also  more  numerous  than 
the  authors  indicate. 

A  number  of  comparable  monchiquitic  minor  intrusions  and  volcanic 
necks  have  been  mapped  by  the  Geological  Survey  in  Ayrshire,  and  are 
briefly  described  in  a  memoir  (“  The  Geology  of  Central  Ayrshire,”  Mem. 
Geol.  Surv.,  1949).  The  occurrences  are  as  follows  :  (1)  a  monchiquite 
intrusion  (probably  a  small  plug)  in  the  River  Doon  contains  xenoliths  of 
altered  peridotite.  This  monchiquite  is  cut  by  a  N.W.  Tertiary  tholeiite 
dyke  (op.  cit.,  p.  106) ;  (2)  the  basal  portion  of  a  4  ft.  monchiquite  sill  in 
Meikleholm  Glen  is  crowded  with  fragments  of  coarsely  crystalline  car¬ 
bonated  olivine-pyroxene  rock  and  of  pyroxene-hornblende  rock.  The 
position  of  the  fragments  is  ascribed  to  gravitational  settling  (op.  cit.,  p.  116); 
(3)  an  obscured  intrusion  of  monchiquite  (apparently  a  narrow  dyke)  near 
Carskeoch  Farm  is  crowded  with  fragments  of  carbonated  peridotite  (up 
to  about  one  inch  across)  composed  of  altered  olivine  associated  with  some 
pyroxene  and  brown  spinel  (op.  cit.,  p.  1 1 8)  ;  (4)  near  the  head  of  Meikleholm 
Glen,  a  dyke  of  ocellar  monchiquite  locally  passes  into  agglomerate  that 
contains  “  nodules  ”  of  altered  peridotite  (op.  cit.,  p.  119);  (5)  three  Central 
Ayrshire  Permian  volcanic  vents  (Patna  Hill ;  Camochan  ;  Kirklafinn) 
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are  known  to  contain  blocks  and  small  nodules  of  peridotite,  carbonated  or 
otherwise  altered  (op.  cit.,  pp.  105,  106), 

Since  G,  W.  Tyrrell  wrote  the  paper  quoted  by  Messrs.  Walker  and  Ross, 
the  Heads  of  Ayr  vent  and  the  adjacent  Greenan  Castle  tuff  have  been 
described  by  the  Geological  Survey  (op.  cit.,  pp.  54-56,  and  fig.  5). 

The  mode  of  intrusion  of  xenolithic  monchiquite  dykes  and  the  origin  of 
their  included  igneous  fragments  (peridotite  and  pieces  of  large  crystals  of 
anorthoclase,  barkevikite,  biotite  and  titanaugite)  are  discussed  in  some 
detail  in  a  paper  published  six  years  ago  (“  Problems  of  Carboniferous- 
Permian  Volcanicity  in  Scotland  ”,  Quart.  Journ.  Geol.  Soc.,  civ,  1948, 
pp.  137-138,  149-150). 

An  E.-W.  composite  or  multiple  monchiquite-camptonite  dyke  at  Loch 
Moidart,  Inverness-shire,  is  known  to  contain  xenoliths  of  altered  peridotite, 
and  a  neighbouring  small  mass  of  “  agglomerate  ”,  with  a  monchiquite 
matrix,  contains  blocks  of  altered  peridotite  and  of  Moine  country  rock 
(op.  cit.,  1948,  p.  138). 

There  are  other  publications,  dealing  with  “  olivine  nodules  ”  in  Scottish 
basic  rocks  and  vents,  which  are  not  mentioned  by  Messrs.  Walker  and 
Ross  (for  some  references  see  “  British  Regional  Geology  :  The  Midland 
Valley  of  Scotland  ”,  Mem.  Geol.  Surv.,  2nd  ed.,  1948,  p.  67). 

Those  who  wish  information  on  the  age,  distribution,  and  mode  of 
occurrence  of  monchiquitic  intrusions  in  districts  near  Glenfinnan  should 
consult  the  following  recent  publications  :  “  Faulted  Permian  Dykes  in  the 
Highlands,”  Geol.  Mag.,  Ixxxviii,  1951,  pp.  60-64;  “A  Monchiquite 
Vent,  Stob  a’  Ghrianain,  Inverness-shire,”  op.  cit.,  1951,  pp.  140-144; 
‘‘The  Camptonite-Monchiquite  Suite  of  Loch  Eil,”  op.  cit.,  1951,  p.  148  ; 
‘‘  Summary  of  Progress  of  the  Geological  Survey  of  Great  Britain  for  1951,” 
Mem.  Geol.  Surv.,  1953,  pp.  45,  46. 

A.  G.  MacGregor. 

Geological  Survey  Office, 

Edinburgh. 

20th  December,  1954. 

SUPERPOSITION  OF  CALEDONOID  FOLDS  ON  AN  OLDER  FOLD- 
SYSTEM  IN  THE  DALRADIANS  OF  MALIN  HEAD 

Sir, — I  have  read  with  interest  Dr.  Reynolds’  and  Professor  Holmes’ 
account  of  plasticine  experiments  and  their  application  to  the  structure  of 
part  of  Northern  Donegal  {Geol.  Mag.,  xci,  1954,  pp.  417-444).  As  the 
latter  is  an  area  with  which  I  am  not  familiar  I  should  have  refrained  from 
comment  had  the  authors  not  sought  to  force  their  theory  as  an  explanation 
of  the  structures  of  South-West  Donegal  by  dismissing  without  discussion 
one  of  the  writer’s  sections  of  this  area. 

The  authors  do  not  make  it  clear  to  which  of  my  sections  they  refer,  but 
I  assume  from  the  context  it  is  the  section  of  Slieve  League  itself  (text-fig.  1). 
Far  from  being  drawn  by  the  ‘‘  down  the  plunge  ”  method  the  section  is 
derived  from  direct  observation  in  an  area  of  rugged  relief  amounting  to 
nearly  2,0(X)feet.  The  shape  of  the  outcrops,  and  particularly  the  prongs 
to  which  the  authors  attach  so  much  importance,  are  due  largely  to  the 
combined  influence  of  topography  and  structure.  The  section  is  therefore 
drawn  to  explain  observations  on  the  ground,  not  to  explain  ‘‘  thrusting 
in  opposite  senses  ”.  In  fact,  nowhere  in  my  paper  do  I  postulate  thrust- 
movements  in  any  other  directions  than  towards  the  north-west  or  north. 
It  is  obvious,  however,  that  if  a  thrust  is  bent  sideways  (i.e.  rotated  about  a 
vertical  axis)  it  will  appear  to  have  moved  in  a  different  direction  and  if  it  is 
rotated  about  a  horizontal  axis  it  will  appear  as  a  normal  fault,  as  in  text-fig.  1 
of  my  paper  (but  not  as  a  thrust  in  the  opposite  sense).  Such  oscillations 
about  the  vertical  can  be  observed  east  of  Slieve  League,  although  they  are 
not  fully  brought  out  on  the  small-scale  of  the  map. 

Similarly  the  minor  structures  at  right  angles  shown  on  my  map  are  not 
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the  structures  of  two  orogenies,  but  are  due  to  the  twisting  of  the  north¬ 
easterly  structures  through  90° ;  the  gradual  swing-round  of  these  structures 
can  also  be  observed  in  the  held. 

There  are,  it  is  true,  two  fold-phases  in  South-West  Donegal ;  the  evidence, 
however,  pwints  to  the  bending  sideways,  about  roughly  vertical  axes,  of 
original  north-easterly  structures.  Far  from  being  mechanically  impossible, 
such  distortion  will  take  place  if  the  direction  of  minimum  compression  is 
not  vertical  but  in  a  horizontal  direction  either  locally  or  regionally.  The 
South-West  Donegal  structures  can  also  be  simulated  in  plasticine ! 

Although  plasticine  models  prove  useful  qualitative  methods  of  demon¬ 
strating  possible  mechanisms  which  have  led  to  the  evolution  of  complex 
structures,  the  attempt  of  the  authors  to  establish  a  quantitative  correlation 
with  actual  rock-deformation  can  only  be  described  as  naive.  For  example, 
the  physical  state  of  rocks  undergoing  a  second  folding  after  earlier  folding 
and  regional  metamorphism  is  very  different  from  that  of  sediments  under¬ 
going  primary  folding  ;  no  comparable  change  is,  however,  made  in  the 
physical  state  of  the  plasticine  between  the  two  foldings.  The  time-factor 
is  not  introduced  into  the  scale-correlation  at  all  although  those  concerned 
with  soil  mechanics  will  know  that  the  rate  of  loading  is  of  prime  importance. 
The  figure  given  for  the  strength  of  quartzite  is  presumably  that  for  the 
crushing  strength  under  unidirectional  stress  and  certainly  bears  no  relation¬ 
ship  to  its  virtually  unknown  strength  under  the  conditions  of  crustal  folding 
and  regional  metamorphism,  a  point  about  which  the  authors  themselves 
have  apparently  had  some  misgivings. 

If  the  strength  given  for  plasticine  is  also  that  under  unidirectional  stress, 
no  proof  is  advanced  that  this  bears  a  significant  relationship  to  its  strength 
under  the  stress-conditions  of  the  experiment,  which  in  fact  are  not  stated. 
The  authors,  it  is  true,  attempt  to  relate  the  varying  strengths  of  differently 
coloured  plasticine  to  the  strength  of  different  rock-types,  but  they  offer 
no  proof  that  such  differences  are  of  the  same  order  as  those  between,  say, 
psammitic,  pelitic,  and  calcareous  rocks  which  have  undergone  crustal 
deformation. 

Those  who  would  base  structural  theories  on  plasticine  and  other  experi¬ 
ments,  would  do  well  to  consider  the  observations  of  Dr.  Terzaghi  on  standard 
and  fundamental  strengths  in  a  discussion  published  in  the  Quarterly  Journal 
of  the  Geological  Society  for  1946. 


REFERENCES 

Anderson,  J.  G.  C.,  1954.  The  Pre-Carboniferous  rocks  of  the  Slieve 
League  Promontory,  Co.  Donegal,  Quart.  Journ.  Geol.  Soc.,  cix, 
399-422. 

Reynolds,  D.  L.,  and  A.  Holmes,  1954.  The  Superposition  of  Caledonoid 
Folds  on  an  Older  Fold-System  in  the  Dalradians  of  Malin  Head, 
Co.  Donegal.  Geol.  Mag.,  xci,  417-444. 

Terzaghi,  K.,  1946.  In  Discussion  of  Papers  published  in  previous  volumes 
of  the  Quart.  Journ.  Geol.  Soc.,  cii,  203-204. 


Department  of  Geology, 
University  College, 

Newport  Road,  Cardiff. 
22nd  December,  1954. 


J.  G.  C.  Anderson. 


FOLDED  FRACTURE  CLEAVAGE  IN  THE  SOUTHERN 
HIGHLANDS:  PRELIMINARY  NOTE 

Sir, — ^The  Ben  Ledi  Grits  form  part  of  an  extensive  outcrop  of  Dalradian 
schistose  greywackes  that  stretches  across  the  Scottish  Highland  close  to 
their  southern  border.  This  note  draws  attention  to  the  portion  of  this 
outcrop  that  lies  north-east  of  Loch  Achray  between  Loch  Katrine  and 
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Lx)ch  Venachar  in  the  Southern  Highlands  of  Perthshire,  and  to  the  north 
of  the  Aberfoyle  Slate  belt.  Here  it  has  been  found  that  the  grits  form 
two  contrasted  areas,  a  north-western  area  of  strongly  folded  fracture 
cleavage,  and  a  south-eastern  belt  of  unfolded  fracture  cleavage.  Both 
areas  are  in  a  low  grade  of  metamorphism  and  are  composed  of  the  same 
grits  or  greywackes,  chiefly  containing  quartz,  with  chlorite,  white  mica, 
and  some  alkali-feldspar. 

Readily  accessible  exposures  in  the  belt  of  folded  cleavage  occur  around 
the  lower  reaches  of  the  River  Turk  for  a  mile  or  so  up-stream  of  Brig  O’ 
Turk,  and  for  about  the  same  distance  along  the  main  road  from  Brig  O’ 
Turk  towards  the  Trossachs  Hotel.  These  exposures  display  well-developed 
straight  parallel  fracture  cleavage  planes  usually  i  in.  to  ^  in.  apart, 
dipping  north  from  40  to  60  degrees,  along  which  the  chlorites  and  micas  are 
often  strongly  concentrated  to  give  a  strikingly  pronounced  fine  banding  to 
the  rocks.  The  character  of  this  banding  seems  such  as  to  preclude  its 
sedimentary  origin  in  rocks  of  greywacke  composition,  and  this  impression 
has  been  proved  correct  at  several  places  in  the  hills  immediately  north  of 
Loch  Achray.  There  the  fracture  cleavage  abuts  against  strong  and  visually 
uncleaved  sedimentary  beds,  the  fracture  cleavage  planes  striking  east-west 
and  the  sedimentary  beds  south- west-north-east.  Also,  bedding  crossed  by 
the  cleavage  has  been  noted  in  cores  of  bores  put  down  at  a  proposed 
engineering  site  in  Glen  Finglas.  The  compositional  banding  p>arallel  to  the 
fracture  cleavage  planes  is  concluded  to  be  the  result  of  metamorphic 
diflFerentiation  controlled  by  the  cleavage. 

North  of  a  line  that  has  been  followed  for  about  2  miles  roughly  north¬ 
eastwards  from  the  vicinity  of  the  Trossachs  Hotel  across  Sr6n  Armailte 
and  the  River  Turk,  a  striking  change  takes  place.  The  fracture  cleavage 
planes  are  affected  by  intense  small  scale  folding  well  seen  on  Creag  Mh6r 
and  in  Glen  Finglas  on  Geal  Chreagain.  This  strongly  crumpl^  zone 
extends  northwards  from  its  south-eastern  boundary  for  about  two  miles 
at  least  into  Creag  na  h-Airidh.  In  places  the  crumpling  is  accompanied 
by  a  later  set  of  strain-slip  cleavage  planes. 

The  structures  in  the  crumpled  and  the  non-crumpled  belts  are  at  present 
being  studied  for  a  few  miles  on  either  side  of  the  boundary  between  the 
belts,  and  this  boundary  will  be  followed  in  either  direction  across  country 
as  far  as  it  may  extend.  It  is  hoped  to  determine  the  precise  meaning  of  the 
boundary,  which  has  been  located  within  100  yards  on  Sr6n  Armailte,  and 
a  useful  section  across  it  should  be  provided  by  a  tunnel  in  course  of  being 
driven  through  the  hills  between  Glen  Finglas  and  Loch  Katrine  in  connec¬ 
tion  with  a  Glasgow  Corporation  Waterworks  scheme. 

To  one  of  us  (J.  E.  R.)  this  juxtaposition  of  two  sharply  contrasted 
structural  styles  in  the  Southern  Highlands  is  of  particular  interest  because 
of  a  similar  relationship  in  Inverness-shire  on  the  western  side  of  the  Morar 
anticline.  The  evenly  foliated  Moine  schists  of  Morar  and  the  highly  con¬ 
torted  Sub-Moine  rocks  of  Morar  in  the  core  of  the  Morar  anticline  are 
distinctive  structural  units  almost  everywhere  separable  by  a  mappable  line 
the  significance  of  which  is  at  present  not  fully  understood. 

It  is  interesting  to  recall  that  in  the  schistose  greywackes  of  the  Cowal 
district  some  40  miles  or  so  south-west  of  the  Trossachs,  Clough  (1897) 
recognized  folded  “  strain-slip  ”  cleavage  and  also  several  sets  of  cleavage 
belonging  to  different  episodes  in  the  tectonic  history  of  that  classic  area. 

Reference 
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17th  December,  1954. 
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THE  MIOCENE/OLIGOCENE  BOUNDARY  IN  THE  CARIBBEAN 

REGION 

Sir, — The  contribution  by  Dr.  H.  G.  Kugler  {Geol.  Mag.,  xci,  1954, 
410-413)  on  the  above  subject  is  very  welcome,  as  it  summarizes  much 
evidence  bearing  on  the  question.  To  the  writer  it  seems  that  much  of  the 
information  required  has  now  been  brou^t  forward,  either  explicitly  or 
indirectly,  and  it  is  only  in  the  interpretation  that  opinions  differ.  Much 
emphasis  has  been  placed  upon  the  evidence  of  pelagic  foraminifera,  but 
world-wide  correlation  must  be  based  upon  the  sum  total  of  all  palaeonto¬ 
logical  evidence  and  not  upon  them  alone  ;  even  so,  the  study  of  such  pelagic 
faunas  shows  that  their  evidence  really  does  fall  closely  into  line  with  that 
from  other  sources.  On  this  basis  probably  all  the  Cipero  formation  is  of 
Lower  Miocene  age. 

The  writer  does  not  consider  it  prudent  “  to  expect  the  presence  of  sedi¬ 
ments  of  the  entire  Oligocene  time  where  carbonate  deposits  were  laid  down 
from  Upper  Eocene  times  into  the  Oligocene  ”.  The  amount  of  Oligocene 
pwesent  must  surely  be  deduced  from  an  impartial  consideration  of  all 
palaeontological  evidence  ab  initio.  In  a  region  such  as  the  Caribbean,  there 
is  no  reason  why  Lower  and  Upper  Oligocene  should  not  be  missing  in  many 
areas,  as  is,  indeed,  the  case  in  a  number  of  other  parts  of  the  world,  where 
only  the  Rupelian  (Middle  Oligocene)  is  developed. 

Finally,  I  would  question  whether  the  definition  of  the  top  of  the  Oligocene 
merits  the  attention  of  the  International  Geological  Congress,  except, 
perhaps,  to  confirm  that  it  occurs  between  the  Chattian  and  Aquitanian. 


The  British  Petroleum  Co.,  Ltd., 
Beaufort  House, 

Gravel  Lane, 

London,  E.  1. 

3rd  January,  1955. 


F.  E.  Eames. 


IRANOLEESIA,  NEW  TRILOBITE  NAME 

Sir, — It  has  been  pointed  out  to  me  by  Dr.  C.  J.  Stubblefield  that  the 
generic  name  Irania,  under  which  I  described  a  trilobite  from  Persia,  Pal. 
Indica,  1937,  xxii,  Mem.  5,  p.  12,  is  preoccupied  by  Irania  F.  de  Filippi  in 
Arch.  Anat.  Fisiol.,  1863,  2,  fasc.  2,  380,  Modena.  I  therefore  suggest  the 
genus  be  renamed  Iranoleesia  after  Dr.  G.  M.  Lees. 

W.  B.  R.  King. 

Sedgwick  Museum, 

Cambridge. 

3rd  January,  1955. 
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REVIEWS 

The  Use  of  the  Stereographic  Projection  in  Structural  Geology. 
By  F.  C.  Phillips,  pp.  86, 95  line  figures  and  diagrams.  Edward  Arnold, 
London,  1954.  Price  15j. 

Apart  from  papers  scattered  in  journals,  the  only  readily  accessible  account 
of  some  of  the  methods  described  in  this  book  appeared  in  an  appendix  to 
Nevin’s  4th  edition  of  Principles  of  Structural  Geology,  reviewed  in  these 
pages  (Geol.  Mag.,  Ixxxvii,  1950,  232).  It  is  now  generally  recognized  that 
orientation  studies  of  macrostructures  may  often  be  readily  interpreted 
(more  so  indeed  than  the  fabric  of  many  tectonites)  and  a  convenient  outline 
of  the  methods  commonly  employed  was  needed.  This  has  been  admirably 
provided  by  Dr.  Phillips  whose  clarity  of  writing  and  drawing  is  already 
well  known. 

After  explaining  the  principle  of  the  stereographic  projection,  methods 
for  treating  apparent  dip,  intersecting  planes,  and  rotation  are  developed 
in  some  detail;  some  other  uses  are  mentioned  before  it  is  shown  how 
numbers  of  observations  may  be  plotted  and  correlated  on  the  same  stereo¬ 
gram.  A  second  edition  might  well  compare  more  fully  the  properties  of 
the  Schmidt  and  Wulff  nets.  There  is  an  appendix  on  spherical  trigonometry, 
a  carefully  selected  bibliography,  some  exercises,  and  an  index.  The  author 
has  resisted  the  temptation  to  expand  (except  perhaps  geometrically),  to 
fill  out  with  examples,  or  to  enliven  with  speculation.  The  result  is  a  slim 
volume  which  should  long  serve  as  an  introductory  manual  to  this  graphical 
method. 

W.  B.  H. 


Norges  Geologi.  By  Olaf  Holtedahl.  2  vols.,  1118  pp.,  with  485  text- 
figures,  24  plates,  including  two  maps  in  colour — a  geological  map  and 
a  glacial  map,  scale  1/1  million.  Norges  Geologiske  Undersokelse, 
Nr.  164,  Oslo,  1953.  Price  70  kroner. 

This  new  Geology  of  Norway  replaces  the  one  by  Hans  Reusch  published 
in  1910,  and  Professor  Holtedahl  is  to  be  heartily  congratulated  on  the 
completion  of  a  task  which  has  occupied  him  for  many  years.  No  one  knows 
the  whole  geological  field  in  Norway  so  well  as  Professor  Holtedahl.  He 
has  contributed  to  every  aspect  of  its  description  and  interpretation,  and 
this  is  doubtless  the  last  comprehensive  and  authoritative  Geology  of  Norway 
which  will  be  written  by  one  man.  The  style  is  clear  and  unambiguous,  and 
,  the  different  view-points  regarding  a  host  of  disputed  questions  are  fairly 
'  stated  and  wisely  appraised,  making  the  work  an  indispensible  guide  and 
inspiration  for  further  research.  British  geologists  will  find  it  a  valuable 
compendium  of  Norwegian  opinion  on  the  many  problems  which  are  common 
to  both  countries. 

The  fine  geological  map  will  be  especially  welcomed.  It  contains  a  vast 
amount  of  detail  and  a  comparison  with  earlier  maps  demonstrates  the 
advances  which  have  been  made  in  recent  years.  To  refer  to  one  of  the 
larger  changes — the  wide  belt  of  rocks,  mainly  gneisses,  stretching  north-east 
from  near  Bergen  to  Trondelag,  and  lying  to  the  north-west  of  the  main 
Caledonian  zone  of  Cambro-Silurian  rocks,  and  which  was  formerly  labelled 
Grunnfjell  (Pre-Eocambrian)  in  common  with  the  rocks  of  the  foreland  to 
the  south-east  of  the  disturbed  zone,  is  now  represented  as  consisting  of  rocks 
of  various  origins  which  have  been  changed  in  the  lower  region  of  the  fold 
zone.  The  strong  metamorphic  effects  in  the  gneissic  belt  makes  it  difficult 
to  determine  what  was  originally  grunnfjell  and  what  younger. 

The  manuscript  of  vol.  i  was  completed  by  about  1946,  and  later  work 
relating  to  it  is  represented  by  a  supplementary  list  of  references  in  vol.  ii. 
Vol.  i  contains  a  history  of  the  development  of  geology  in  Norway.  The 
Geological  Survey  (Norges  Geologiske  Undersokelse)  was  founded  in  1858, 
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the  Geological  Society  (Norsk  Geologisk  Foreiting)  in  1905.  The  main 
sections  deal  with  the  Grunnfjell,  the  Eocambrian,  the  Cambro-Silurian 
sedimentary  rocks,  the  pre-Devonian  (Caledonian)  earth  movements  with 
accompanying  intrusions  and  metamorphism,  the  Devonian,  Permian,  and 
Jurasso-Cretaceous  rocks. 

Vol.  ii  is  largely  concerned  with  the  Quaternary  deposits.  In  Norway  these 
mainly  belong  to  the  last  Ice  Age  (Weichsel) ;  a  few  deposits  can  with 
certainty  be  referred  to  an  earlier  glaciation.  After  a  discussion  of  the  long 
debated  and  still  unresolved  problem  as  to  whether  there  were  ice-free  plant 
“  refuges  ”  in  Norway  in  the  last  Ice  Age,  there  follows  a  detailed  description 
of  the  Quaternary  deposits.  There  is  a  full  discussion  of  various  aspects  of 
the  development  of  the  present  land  surface — the  fjords,  lakes,  strandflat 
raised  beaches,  glaciers  (these  are  not  relics  of  a  former  Ice  Age),  and  earth¬ 
quakes  and  meteorites. 

Most  geologists  will  regret  that  Norges  Geologi  is  written  in  Norwegian — 
only  the  keys  to  the  two  large  maps  are  in  English — but  one  respects  the  high 
national  purpose  which  underlies  the  production  of  a  work  of  such  magnitude 
and  style,  and  is  published  at  a  remarkably  reasonable  price.  Professor 
Holtedahl  has  clearly  had  his  countrymen  in  mind  in  writing  this  book, 
and  much  of  it  should  be  intelligible  to  the  educated  layman.  We  quote 
(in  translation)  the  concluding  paragraph  of  the  preface  : 

“  The  maps  show  us  what  large  gaps  yet  remain  in  our  knowledge  of  the 
country’s  geology.  Extensive  tracts  have  not  received  even  a  preliminary 
reconnaissance,  and  for  such  areas  the  map’s  information  is  of  a  wholly 
tentative  and  unsatisfactory  kind.  Norway’s  geologists  have,  in  relation  to 
the  country’s  size,  been  few,  and  have  worked  under  difficult  conditions. 
I  conclude  by  expressing  the  hope  that  the  future  will  hold  opportunities  for 
Norwegian  geology  to  progress  at  a  faster  rate  than  in  the  past,  to  fulfil  its 
part  in  the  task,  which  from  both  the  cultural  and  economic  aspects  is  an 
essential  goal  for  every  nation — to  know  its  land.” 

L.  H. 


Textures  of  the  Ore  Minerals.  By  A.  B.  Edwards,  pp.  xiii  1  242,  with 
204  figs,  and  31  tables.  Australasian  Institute  of  Mining  and  Metallurgy, 
Melbourne,  Australia.  Revised  edition,  1954.  Price  £A3  4-  postage 
(Members  A.I.M.M.  (one  copy)  and  bona  fide  students,  £A2). 

The  second  edition  of  this  wholly  admirable  book  follows  the  general 
pattern  of  its  predecessor,  published  in  1947.  Its  nine  chapters  deal  in  turn 
with  the  textures  of  the  native  metals,  primary  zoning  and  banding  in  oxide 
and  sulphide  ores,  textures  due  to  deformation,  solid  solutions,  replacement 
textures,  application  to  ore  geology,  application  to  ore  dressing,  the  trans¬ 
parent  gangue  minerals,  and  smelter  products. 

The  most  notable  addition  to  the  text  is  a  new  section  on  smelter  products 
which  describes  the  different  types  of  materials  and  textures  encountered 
in  mattes,  speisses,  and  slags  with  particular  reference  to  the  smelting  of 
copper  and  lead  ores.  Other  chapters  have  been  amplified  by  the  incorpora¬ 
tion  of  new  data  made  available  within  recent  years  on  such  matters  as  solid 
solutions,  mineral  paragenesis,  and  the  pyrite  geothermometer. 

Many  additional  photomicrographs  have  been  inserted,  and  it  is  gratifying 
to  note  that  the  quality  of  the  pictures  has  been  much  improved  by  repro¬ 
ducing  them  on  a  whiter  and  more  glossy  paper. 

This  book  is  undoubtedly  the  best  of  its  kind  yet  published  in  the  English 
language.  On  account  of  its  excellence  it  is  not  surprising  that  the  first 
edition  has  already  gone  out  of  print,  and  all  students  of  mineragraphy  will 
be  grateful  to  the  author  for  this  new  presentation  of  a  standard  work  of 
reference. 


D.  W. 
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